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.  j  1 .  Introduction 

H/ 

In  the  ten  years  since  the  feasibility  of  a  lithium-thionyl  chloride  cell 
was  first  recognized  (1)  remarkable  progress  has  been  made  in  hardware 
development.  Cells  as  large  as  16,000  Ah  (2)  and  batteries  of  10.8  MWh  (3) 
have  been  demonstrated.  In  a  low  rate  configuration,  energy  densities  of  500 
to  600  Wh/kg  are  easily  achieved. 

Even  in  the  absence  of  reported  explosions,  safety  would  be  a  concern  for 
such  a  dense  energetic  package;  the  energy  density  of  a  lithium-thionyl 
chloride  cell  is  approaching  that  of  dynamite  (924  Wh/kg).  In  fact  explosions 
have  occurred.  In  general  the  hazards  associated  with  lithium-thionyl 
chloride  batteries  may  be  divided  into  four  categories: 


v.*  ^.Explosions  as  a  result  of  an  error  in  battery  design.  Very 
large  cells  were  in  prototype  development  prior  to  a  full 
appreciation  of  the  hazards  of  the  system.  It  is  possible  that 
some  of  the  remaining  safety  issues  are  related  to  cell  design^ \ 


^Explosions  as  a  result  of  external  physical  abuse  such  as  cell 


incineration  and  puncture 


e.  \ 
J  \ 


•Explosions  due  to  short  circuiting  which  could  lead  to  thermal 
runaway  reactions.  These  problems  appear  to,  have  been  solved 
by  changes  in  the  battery  design  (4).  \ d  , ,  /v 


Explosions  due  to  abnormal  electrical  operation  (i.e.,  charging 
/  (5)  and  overdischarging  (6))  and  in  partially  or  fully 

discharged  cells  on  storage  (7  and  8). 

A 

This  last  category  is  particularly  troubling  as  the  explosions  are 
unpredictable  and  their  source  only  partially  characterized.  For  example  EIC 
reports  3  explosions  in  evaluating  the  safety  of  10  cells  during  anode  limited 
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reversal  (6).  The  absence  of  a  definite  set  of  conditions  which  consistently 
result  in  an  explosion  makes  a  phenomenological  approach  to  a  safe  design  very 
costly  and  time  consuming  if  not  impossible.  In  addition  as  the  evidence  for 
safety  will  be  statistical  it  can  never  be  completely  proven  with  obvious 
limitations  on  cell  development. 

Complete  resolution  of  the  unpredictable  safety  hazards  may  only  be 
possible  by  analytical  determination  of  their  causes.  In  thi3  regard 
considerable  work  has  been  carried  out  at  EIC,  GTE,  INCO,  Union  Carbide  and 
Gould  on  the  chemistry  of  normal  discharge  and  reversal. 

The  infrared  absorption  spectrum  of  lithium-thionyl  chloride  cell 
electrolytes  has  been  the  subject  of  several  investigations.  Istone  and  Brodd 
(9)  have  performed  an  analysis  of  the  electrolyte,  sampling  the  electrolyte  in 
situ  from  the  electrode  surface  of  a  functioning  Li/SOC^  cell  and  obtaining 
the  infrared  absorption  spectrum  with  a  Fourier  Transform  Infrared  (FTIR) 
Spectrometer.  They  found  SC^C^,  SC^,  S2CI2,  SCI2  and  HC1  as  impurities  at 
the  beginning  of  the  experiment.  Only  the  intensities  of  peaks  assigned  to 
S02  (1335  cm-1)  and  S20  (689  cm”1)  were  observed  to  change  as  a  function  of 
discharge,  and  a  slight  amount  of  moisture  pickup  was  detected.  The  S2O 
concentration  was  seen  to  increase  to  a  maximum  and  then  begin  to  decay  while 
the  S02  concentration  increased  then  appeared  to  level  off .  Also  elemental 
sulfur  was  seen  to  deposit  on  the  cell  walls.  These  observations  are 
consistent  with  the  decomposition  reaction  of  SgO 

2  S20  3  S  +  S02 

first  considered  but  rejected  on  the  basis  of  stoichiometry  by  Schlaikjer, 
Goebel  and  Marincic  in  1979  (10).  The  question  of  the  stability  of  S2O  in  a 
condensed  phase  was  not  addressed ,  and  a  fairly  large  shift  in  the  absorption 
wavelength  for  SgO  in  SOClg  was  left  unexplained. 
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Schlaikjer  and  co-workers  (10)  postulated  the  formation  of  a  sulfur 
monoxide  polymer  according  to  the  reaction: 


2nLi  +  nS0Cl2  2nLiCl  +  (S0)n 

and  subsequent  decomposition  of  this  polymer  to  produce  elemental  sulfur  and 
S02* 


Spectroelectrochemical  studies  carried  out  by  Salmon  et  al  at  Gould  (11) 
have  provided  evidence  that  the  principal  reaction  at  the  anode  current 
collector  on  reversal  is 

2  S0C12  — >  2  S0C1+  +  2e  +  Cl 

They  then  speculated  that  several  electrochemical  and  chemical  reactions 
involving  S02  were  also  occurring  at  the  anode 

S02  electrochemical  so^  +  0  +  2e 

S02  +  Cl  — >  S0+++  2  Cl"  +  0 

C1+  0  — )  C1„0 
2  2 


Absorption  bands  at  1070  cm~1  and  690  cm~^  in  the  infrared  spectrum  of 
electrolytes  from  anode  limited  cells  after  reversal  at  45  mA/cra2  were 
assigned  respectively  to  SO*  2  ancj  c^O. 


* 


Abraham  and  Mank  at  EIC  (12)  have  also  noted  the  absorption  band  at  1070 
cm-1  in  anode  limited  reversal  which  they  assigned  to  an  S~0  stretching 
vibration  of  a  sulfur-oxy  compound.  Under  the  same  conditions  they  observed 
absorption  bands  at  1415  cm-1,  1110  cm-1,  1335  cm-1  and  1150  cm-1.  The  last 
two  were  obviously  due  to  S02,  and  the  absorption  at  1110  cm-1  in  the  anolyte 
wa3  assigned  to  the  SO  stretching  vibration  of  the  complex  SOCl^AlCl^-,  since 
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a  similar  absorption  was  found  in  the  infrared  spectra  of  AlCl^  solutions  in 

S0C12.  The  absorption  at  1415  cm-1  was  assigned  to  S02C12.  Cl2  and  SCI2  were 
identified  by  cyclic  voltammetry.  Two  other  absorption  bands  observed  at  660 
cm-1  and  790  cm-1  in  cathode  limited  reversal,  were  assigned  to  Al-S  and  Al-Cl 
bond  vibration  respectively  of  LiAlSCl2. 

Bailey  and  Blomgren  (13)  at  Union  Carbide  using  1R  and  27^1  nmR 
Spectroscopy  have  identified  several  oxychloroaluminates  in  Li2C03 
AICI^/SOC^  electrolyte  absorbing  at  3200-3400  cm-1  (AlCl^OH-)  and  800  cm-1 
and  695  cm"1  (Li2  (A1C13)20),  casting  strong  doubts  on  the  observations  of 
I  stone  and  Brodd  and  Salmon  et  al  concerning  S20  and  C120. 

Although  this  qualitative  work  has  been  useful  in  elucidating  cell 
chemistry  during  a  potentially  hazardous  condition,  it  has  not  established  a 
causal  relationship  between  these  reactions  and  a  potential  hazard.  Moreover 
the  qualitative  evidence  itself  is  still  subject  to  controversy.  For  example, 
Cl20  is  an  explosively  unstable  compound;  however,  the  random  nature  of  cell 
explosions  during  reversal  indicates  that  its  presence  is  not  a  sufficient 
condition  for  an  explosion;  moreover,  the  IR  evidence  for  its  presence  is 
tenuous,  based  on  the  observation  of  only  one  of  three  possible  absorption 

bands  for  C120  (14).  Similarly  the  IR  evidence  for  S20  not  any  more 
solid.  S20  may  very  well  be  a  reaction  intermediate,  but  its  stability  in  a 
condensed  phase  is  doubtful  (15). 

More  recently  R.  McDonald  at  GTE  while  investigating  the  generation  of 
pressure  in  Li/SOClj  batteries  by  mass  spectrometry  (16)  has  demonstrated  the 
presence  of  substantial  amounts  of  hydrogen  and  nitrogen,  pointing  to  the  need 
for  corroboration  of  results  by  several  techniques. 

In  view  of  these  considerations  the  Navy  decided  that  fundamental 
quantitative  studies  of  lithium-thionyl  chloride  reactions  were  required  to 
resolve  safety  issues.  Our  overall  proposed  approach  was  to  conduct 
quantitative  and  qualitative  studies  of  reactions  occurring  during  low  rate 
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discharge  and  during  reversal.  Specifically  we  have  carried  out 

•  Quantitative  and  qualitative  FTIR  spectroscopic  studies  of 

Li/SOCl^  Cells  using  both  electrolyte  samples  withdrawn  from 
operating  cells  and  in  situ  sampling. 

•  Electron  spin  resonance  spectroscopy  experiments  at  ambient 
temperature. 

•  Microcalorimetric  measurements  of  a  Li/SOCl2  cen  during 
discharge  and  reversal. 

•  In  situ  low  resolution  mass  spectroscopic  studies  of  the  gas 
phase  above  the  electrolyte  of  a  functioning  cell. 

This  report  summarizes  the  results  of  these  activities  for  cells 
discharged  at  current  densities  between  1  and  5  mA/cm2>  at  room  temperature 
and  -20°c. 
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2.  Summary 

Conflicting  and  irreproducible  results  which  plagued  the  beginning  of 
this  investigation  were  resolved  by  resorting  to  in  situ  experiments.  The 
extreme  sensitivity  of  the  system  to  moisture  made  it  mandatory  to  perturb 
the  system  as  little  as  possible  while  sampling  for  either  infrared  or  mass 
spectroraetric  analysis. 

For  our  FTIR  studies  we  have  built  several  circulating  electrolyte 
systems  which  directly  couple  the  spectroscopic  cell  to  the  electrolyte 
reservoir  of  the  electrochemical  cell.  Several  pumping  schemes  were  tried. 
In  our  mass  spectrometric  investigation,  we  were  able  to  attach  an 
electrochemical  cell  to  the  inlet  system  of  a  mass  spectrometer  thus  sampling 
the  gas  phase  above  the  electrolyte  during  discharge.  In  situ  ESR 
measurements  were  also  more  informative  than  the  ESR  measurements  on 
electrolyte  withdrawn  from  operating  cells. 

Although  we  have  not  identified  every  compound  formed  during  discharge  or 
reversal  we  have  developed  and  applied  several  analytical  techniques  to  the 
lithium-thionyl  chloride  system  which  have  yielded  without  ambiguity 
reproducible  and  quantitative  results.  We  summarize  below  our  most 
significant  findings. 

•  S°2  is  the  only  major  product  of  discharge  detected  by  infrared 
spectroscopy  at  high  and  low  temperatures;  its  concentration  in 
solution  increases  linearly  during  normal  discharge,  and  at  a 
much  slower  rate  during  reversal.  The  amount  of  SO2  produced 
during  normal  discharge  was  always  found  to  be  only  a  fraction 
of  that  predicted  by 

Ui  +  2  S0C12  — }  S  +  S02  +  LiCl 

•  S0C1+  is  formed  in  substantial  quantities  during  anode  limited 
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reversal,  but  reaches  a  steady  state  concentration  which  is 
temperature  and  current  density  dependent.  At  lower 
temperatures  and  higher  current  densities  relatively  high 
concentrations  of  S0C1+  can  build  up  during  reversal. 

o  Chlorine  was  also  detected  indirectly  in  substantial  quantities 
during  anode  limited  reversal.  Chlorine  may  arise  either 
through  oxidation  of  A1C14~ 

A1C14"  -  A1C1  +  1/2  Cl2  +e 

or  through  direct  oxidation  of  S0C12  as  shown  below 

2  S0C12  +  2  A1C14~  -  2  S0C1+  A1C14~  +  Cl  +  2e 

Infrared  evidence  obtained  during  reversal  does  seem  to  show 
that  AlCl^  is  formed,  but  both  processes  could  occur. 
Chlorine,  at  room  temperature,  does  not  accumulate  in  the  cell 
but  reacts  to  form  S02C12  and  sulfur  chlorides. 

o  S02C12  is  generated  during  anode  limited  reversal.  Its 
concentration  increases  slowly  initially  then  builds  up  fairly 
rapidly  to  a  steady  state  value  which  appears  to  be  dependent 
on  the  current  density.  At  low  current  densities  very  little, 
if  any,  S02C12  accumulates.  Also  at  low  temperatures  (-20C) 
the  amount  of  S02C12  produced  is  not  as  significant  as  at 
higher  temperatures  (25C). 

Following  current  cutoff  after  reversal  a  sharp  increase  in 
S02C12  concentration  always  occurs  at  ambient  temperature,  but 
not  at  -20C.  However,  upon  warming  up  a  cold  cell  a  very  large 
amount  of  S02C12  is  produced  as  the  cell  reaches  ambient 
temperature.  This  effect  could  simply  reflect  an  accelerated 
rate  of  reaction  between  S02  and  Cl2.  During  storage  the 
S02C12  concentration  slowly  decreases. 
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•  Substantial  quantities  of  SC12  in  the  gas  phase  were  detected 
by  mass  spectrometry  upon  anode  limited  reversal.  S2C12  which 
has  the  same  mass  as  SC^C^  under  low  resolution  but  a 
different  fragmentation  pattern,  was  also  detected  but  not  in 
any  substantial  quantity.  Formation  of  SCL2  during  reversal 
also  gives  rise  to  compounds  absorbing  in  the  infrared  at  1070 
cm-1  and  665  cm-1.  The  exact  nature  of  these  compounds  cannot 
be  determined  by  infrared  spectroscopy  alone,  but  the 
absorptions  are  characteristics  of  S-0  stretching  modes  (1070 
cm-1),  and  S-0  bending  or  S-S  stretching  modes  (665  cm-1). 

•  S20  was  detected  in  the  gas  phase  above  an  operating  cell  by 
high  resolution  mass  spectrometry,  but  its  presence  in  the 
electrolyte  is  doubtful.  Several  attempts  to  synthesize  S20 
and  trap  it  in  thionyl  chloride  resulted  in  its  decomposition 
into  S02  and  sulfur. 

•  No  trace  of  C120  could  be  detected  by  mass  spectrometry. 

•  Many  of  the  features  of  the  IR  absorption  spectrum  are  simply 
due  to  the  reaction  between  AlCl^  or  AlCl^-  and  water.  The 
absorption  bands  generated  by  these  products  (aluminum 
hydroxides  and  oxochloroaluminates)  were  identified,  but  the 
exact  composition  of  the  products  is  not  known  at  this  stage. 

•  Formation  of  a  free  radical  was  detected  during  anode  limited 
reversal  using  in  situ  EPR  spectroscopy,  and  its  half  life 
measured  at  seven  minutes. 

•  Calorimetric  studies  of  the  lithium-thionyl  chloride  system  did 
not  yield  any  surprises  except  to  confirm  the  high  rate  of  heat 
evolution  during  anode  limited  reversal. 
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In  conclusion,  it  appears  that  we  have  extracted  useful  quantitative 
information  with  IR  spectroscopy.  For  a  more  complete  identification  of  the 
products  of  discharge,  by  far  the  most  promising  technique  is  mass 
spectrometric  analysis,  especially  if  it  can  be  refined  by  coupling  a  high 
resolution  mass  spectrometer  with  a  gas  chromatograph. 

We  have  not  in  the  course  of  this  study  identified  a  single  clearly 
hazardous  reaction  other  than  those  inherent  in  the  system.  However,  we  have 
noticed  significant  effects  caused  by  temperature  differences  or  current 
density  differences  which  may  lead  to  thermal  runaway  reactions  in  an 
improperly  designed  system. 
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3.  FTIR  Spectroscopic  Studies 

1R  studies  are  presented  in  this  section.  The  infrared  absorption 
spectrum  of  electrolyte  removed  from  a  lithium-thionyl  chloride  cell  driven 
into  anode  limited  reversal  is  presented  first  to  illustrate  the  main  features 
of  the  IR  spectrum  and  .  its  evolution  as  a  function  of  discharge.  This 
experiment  provides  a  basis  for  comparison  with  subsequent  experiments  using 
in  situ  sampling  of  the  electrolyte. 

We  present  next  the  results  of  various  calibration  experiments  for  SO^, 
SC^Cl^  and  S0C1+  as  well  as  IR  spectra  of  known  compunds  in  thionyl  chloride 
which  might  possibly  be  reaction  products  or  intermediates  in  the  course  of 
normal  discharge  or  anode  limited  reversal. 

Finally  in  situ  IR  spectra  from  several  cells  discharged  at  room 
temperature  or  at  -20C  are  presented  and  discussed. 

It  is  important  to  note  that  all  spectral  frequencies  we  report  here  are 
accurate  within  +_  H  cm-1;  moreover  some  shifting  of  a  given  absorption  band 
may  occur  if  the  base  line  is  sloping,  or  the  band  is  not  fully  resolved.  All 
absorbance  values  we  quote  are  "peak  heights"  above  the  baseline. 

For  badly  overlapping  bands  (l.e.,  1070  cm-1  and  1115  cm-1)  we  have  used 
the  tangent  line  technique  to  obtain  reproducible  results.  We  have  tried  to 
be  consistent  in  the  selection  of  the  prominent  minima  for  drawing  our 
tangents  and  used  difference  spectra  whenever  possible  to  estimate  the  peak 
heights. 

All  spectra  are  averages  of  100  scans  taken  with  a  Nicolet  5-MX  FTIR 
spectrometer.  They  were  all  measured  accurately  to  3  units  of  absorbance. 
Frequently  we  present  several  spectra  together  in  one  figure  in  which  case  the 
absorbance  axis  is  valid  only  for  indicating  the  absorbance  scale;  the 
spectra,  drawn  to  the  same  scale,  were  successively  shifted  to  a  higher 
position  on  the  figure. 
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3*1  Qualitative  FTIR  Study  of  Typical  Discharge 

The  cell  used  for  this  experiment,  SC-68,  consists  of  two  concentric 
electrodes.  The  thin  carbon-Teflon  cathode  (20  mil  thick)  is  pressed  on  a 
nickel  grid  which  is  spot  welded  to  the  outer  wall  of  the  cell  body  (see 
Figure  1).  The  lithium  electrode  (8  cm2  x  5  mn)  iS  pressed  on  a  nickel  foil 
substrate  which  is  spot  welded  around  a  stainless  steel  central  post.  The 
electrodes  are  about  0.5  cm  apart  and  separated  by  a  double  layer  of  .005" 

glass  mat.  Approximately  14  ml  of  1.4  M  LiAlClzj  in  S0C12  are  a^ded  to  the 
cell.  Samples  can  be  removed  through  a  Teflon- faced  septum. 

IR  absorption  spectra  obtained  throughout  the  run  are  shown  in  Figures  2- 
4.  Cell  SC-68  was  taken  into  anode  limited  reversal  at  5  mA/cm2.  a 
relatively  large  amount  of  S02  (1335  and  1144  cm-1)  is  present  initially. 
After  27.5  hours  of  discharge,  or  20  hours  into  anode  limited  reversal  (-1.447 
V)  we  notice  the  formation  of  a  band  at  1115  cm-1  and  one  at  1070  cm”1;  there 
is  considerable  overlap  and  the  band  at  1070  cm-1  appears  as  a  shoulder  on  the 
1115  cm-1  peak. 

The  current  was  then  reduced  to  1  mA/cm2  (8  mA).  After  98.5  hours  from 
the  start  of  discharge  (see  Figure  2)  the  only  changes  in  the  IR  spectrum  are 
an  increase  in  the  1070  cm-1  band  and  an  increase  at  660-694  cm-1.  It  appears 
that  two  bands  absorb  in  that  region,  one  at  694  cm-1  whose  presence  seems  to 
be  related  to  water  contamination,  and  one  at  665  cm-1  whose  presence  is 
definitely  due  to  anode  limited  reversal.  The  band  at  1115  cm*1  appears  to 
have  disappeared  indicating  an  unstable  species  evident  at  5  mA/cm2  but  too 
unstable  to  accumulate  at  1  mA/cm2.  The  current  was  then  readjusted  to  5 
mA/cm2  and  the  cell  sampled  after  122  hours.  The  122  hour  spectrum  (see 
Figure  3)  shows  clearly  the  presence  of  absorption  bands  at  1115  cm-1  as  well 
as  1070  cm-1. 

Absorptions  at  694  cm*1  and  822  cm*1  are  increasing  but  in  this 
particular  case  water  contamination  is  evident  from  the  strong  absorption  at 
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3200-3600  cm-1.  The  absorption  at  665  cm  is  masked  by  the  stronger 
absorption  at  694  cm").  A  slight  increase  at  1408  cm-1  (SO2CI2)  i-3  also 
noticed.  Subsequent  spectra  after  140  hours  (Figure  3)  confirm  these 
trends.  S02Cl2  (1408  cm-1)  increases  during  reversal  along  with  species 
absorbing  at  1070,  1115,  and  665-694  cm-1 .  Resolution  of  the  694  cm-1  and  665 
cm-1  bands  is  difficult  and  depends  on  the  relative  size  of  the  absorptions. 
Weak  absorptions  are  noticed  at  928  cm-1  and  822  cm-1  but  these  are  also 
affected  by  the  presence  of  moisture.  Figure  4  shows  the  IR  absorption 
spectrum  for  the  cell  in  storage  67,  91,  119,  142  and  254  hours  after  the 
current  has  been  turned  off.  A  substantial  jump  in  S02C12  concentration  is 
clearly  evident.  The  band  at  1115  cm-1  has  disappeared  whereas  the  one  at 
1070  cm-1  becomes  quite  evident  and  remains  constant  during  the  storage 
period.  Due  to  a  reduction  in  the  level  of  contamination  the  665  cm-1 
absorption  can  clearly  be  seen  while  the  band  at  694  has  become  a  shoulder  on 
the  665  crn'l  peak.  Absorptions  at  2790,  2450,  and  1225  cm-1  are  present 
throughout  the  run  and  are  due  to  HC1  and  S0C12-  (17) 
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3.2  Identification  of  Products  of  Discharge  in  Solution 

On  the  basis  of  some  of  the  previous  studies  which  we  have  summarized  in 
Section  1  we  can  make  the  following  assignments: 


3400  cm"1  (broad  band)  :  AlCl^OH" 

2790  cm-1  (broad  band)  :  HC1 

2450  cm-1  (broad  band)  :  SOClp 

1408  cm-1  :  S02C12 

1335  and  1144  cm"1  :  S02 

1225  cm-1  (broad  band)  :  S0C12 

1115  cm"1  (broad  band)  :  S0C1+ 


To  identify  the  absorption  bands  at  1070  cm"1,  927,  822,  694  and  665  cm"1  we 
spiked  several  solutions  of  electrolyte  or  pure  S0C12  with  known  compounds. 
The  IR  absorption  spectra  of  H-,0,  H20  with  AlCl^,  S02C12  and  AlCl^  in  S0C12 
are  shown  respectively  in  Figures  5-8.  Spectra  of  H20,  C02,  and  SC12  in 
electrolyte  are  shown  in  Figures  9-11.  These  spectra  are  then  combined  in 
Figure  12  in  an  attempt  to  reconstruct  an  actual  absorption  spectrum  obtained 
on  reversal. 

Addition  of  water  to  S0C12  (Figure  5)  results  simply  in  the  formation  of 
HC1  (2790  cm"1)  and  S02  (1335  and  1144  cm"1).  However  adding  water  to  either 
the  neutral  electrolyte  or  to  a  solution  of  AlCl^  in  S0C12  causes  some 
striking  effects.  In  neutral  electrolyte  (Figure  9)  strong  absorptions  at 
3400  and  694  cm"1  appear,  whereas  in  the  presence  of  AlCl^  (Figure  6)  bands  at 
803,  822  as  well  as  3400  cm"1  appear  in  addition  to  the  S0C1+  band  at  1115 
cm"1.  All  these  features  were  observed  in  Cell  SC-68.  These  results  are  in 
agreement  with  the  work  of  Bailey  and  Blomgren  on  the  hydroxy-  and 
oxychloroaluminates  in  Li2C0^-AlCl^/S0Cl2  electrolytes  (13). 

S02C12  in  S0C12  (Figure  7)  simply  gives  rise  to  characteristic 
absorptions  at  1408  cm"1  and  11 7?  cm"1.  Other  absorption  bands  below  600  cm"1 
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were  not  recorded  as  most  of  the  species  generated  during  discharge  and 
reversal  give  rise  to  poorly  resolved  absorption  bands  in  that  region. 

The  effect  of  AlCl^  addition  to  SOCI2  (Figure  8)  is  quite  dramatic  giving 
rise  to  a  strong  absorption  at  1115  cm-1  due  to  the  S-0  stretching  vibration 
of  the  complex  S0C1+A1C1jij_.  Both  S0C1+  and  SC^C^  were  formed  during  reversal 
in  SC-68. 

C02  addition  (Figure  10)  to  neutral  electrolyte  results  in  some  weak 
absorption  bands  at  2357,  803,  679  and  656  cm-1.  Contamination  of  an 
operating  cell  with  CO^  is  possible  but  occurs  to  a  small  extent. 

Upon  addition  of  SClj  to  neutral  electrolyte  containing  SO^  (Figure  11)  a 
slow  increase  in  the  absorption  at  1070  cm-1  and  665  cm-1  is  observed, 
together  with  increases  of  SOjC^  and  SO^.  Both  the  1070  cm-1  and  665  cm-1 
bands  were  formed  during  reversal  in  SC-68.  Although  we  cannot  identify  the 
products  giving  rise  to  these  absorptions,  a  reasonable  assignment  for  the 
band  at  1070  cm-1  is  the  S-0  stretching  vibration.  The  665  cm-1  band  could  be 
due  to  either  S-0  bending  modes  or  S-S  stretching  modes. 

At  this  stage  we  are  confident  that  the  sources  of  all  the  peaks  in  the 
IR  absorption  spectrum  have  been  identified.  This  is  demonstrated  in  the 
spectral  reconstruction  shown  in  Figure  12  where  we  present  a  weighted  average 
of  the  spectra  for  water  in  neutral  electrolyte,  AlCl^  in  S0C12,  water  in 
AlCl^/SOC^,  SO2  in  SOCI2,  SO2CI2  in  SOCI2,  and  SCI2  in  neutral  electrolyte; 
this  artificially  generated  IR  spectrum  is  compared  to  the  absorption  spectrum 
of  SC-68  during  anode  limited  reversal. 
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FIGURE  5 


Effect  of  Water  and  MCI 3  on  SOCI2  Spectrum 
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3.3  Synthesis  of  SgO 

To  verify  the  claim  of  Isotone  and  Brodd  at  INCO  (9)  that  S^O  gives  rise 
to  an  absorption  at  688  cm~^ ,  we  have  attempted  to  synthesize  S^O  and  trap  it 
in  S0C12.  For  the  synthesis  we  used  the  reaction  between  S0C12  and  Ag2S  at 
160C  (see  Figure  13)*  S20  in  the  gas  phase  has  three  IR  active  bands  at  11 65 
cm-1,  679  cm“^  and  388  cm-1  (15).  We  were  only  able  to  observe  a  weak  band  at 
1168  cm-1  in  the  gas  phase.  Attempts  to  condense  S20  in  S0C12  at  77°K 
resulted  only  in  the  formation  of  a  red  polysulfur  oxide  which  decomposed  into 
S02  and  sulfur  upon  heating  to  room  temperature.  No  evidence  of  S20  could  be 
observed  in  the  S0C12  trapping  solution. 

The  absorption  band  at  688  cm-1  which  Istone  and  Brodd  assigned  to  S.,0 
consists  in  effect  of  two  absorption  bands,  one  at  69^  cm-1  due  to  the 
interaction  of  AlCl^-  and  water,  the  other  at  665  cm-1  observed  only  during 
anode  limited  reversal.  Salmon's  assignment  of  a  690  cm-1  absorption  to  C120 
(11)  also  overlooks  the  strong  interaction  of  water  with  the  electrolyte. 
(Later  our  mass  spectroraetric  analysis  will  show  the  presence  of  S20  in  the 
gas  phase,  but  no  trace  of  C120  -  see  Section  ^). 


Prepared  for  Naval  Surface  Weapons  Center 
Silver  Springs,  Maryland 
Contract  N60921-81-C-0363 


Materials  Laboratory 
Gould  Research  Center 
January  1983 


3.4  Gas  Phase  Studies 

The  gas  phase  spectra  of  several  compounds  such  as  S02j  co2,  S0C12, 
S02C12,  S2C12  and  SC12  which  might  be  present  during  anode  limited  reversal 
were  measured.  These  spectra  obtained  with  a  20  cm  gas  cell  equipped  with 
NaCl  windows  are  shown  in  Figures  14-19.  These  were  compared  to  the  gas  phase 
IR  spectrum  of  a  cell  driven  into  anode  limited  reversal  (see  Figure  20)  at  5 
mA/cra2.  S02,  S0C12  and  S02C12  are  easily  identified.  The  results  for  SCI2  or 
S2C12  are  inconclusive.  S2Cl2's  strong  absorption  band  at  461-454  cm-1  is 
^..  ictly  in  the  same  region  as  one  of  the  strong  absorption  bands  of  S0C12. 
SC12,  if  present,  would  appear  as  a  shoulder  on  the  502-492  cm-1  band  of  S0C12 
(SC12  absorbs  at  528-520  cm-1);  however,  observation  of  that  shoulder  would 
depend  on  the  relative  concentrations  of  S0C12  and  SC12.  A  strong  smell 
points  to  the  presence  of  at  least  one  of  those  two  sulfur  chlorides.  Mass 
spectrometric  analysis  indicates  that  substantial  amounts  of  SC12  are  formed 
on  reversal  (see  below  -  Section  4). 


29 


FIdT.JRE  15 


IflOO.D  1600.0  1300,0  1000.0 

u*veMjr«!w  tcn-n 


Prepared  for  Naval  Surface  Weapons  Center 
Silver  Springs,  Maryland 
Contract  N60921-81-C-0363 


Materials  Laboratory 
Gould  Research  Center 
January  1983 


3*5  Calibration  Curves 

For  quantitative  analysis  of  the  discharge  process  we  prepared 
calibration  curves  for  S02,  S02C12  and  S0C1+*  These  are  shown  respectively  in 
Figures  21,  22  and  23*  We  have  selected  the  peak  height  technique  as  opposed 
to  peak  area  to  assess  the  concentration  of  the  various  species  present  in  our 
system.  The  peak  area  technique  although  theoretically  more  correct  is  more 
prone  to  "baseline"  errors  than  the  peak  height  method  (18).  As  most  of  our 
absorption  peaks  are  bunched  around  the  very  strong  absorption  bands  of  S0C12 
we  concluded  that  peak  height  measurements  would  be  more  accurate  for  our 
application. 
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3.6  In  Situ  FTIR  Studies 

During  our  early  work  under  this  contract,  electrolyte  from  bobbin  cells 
employing  carbon  for  the  cathode  and  equipped  with  a  reservoir  above  the 
cathode  was  sampled  at  regular  intervals  and  analyzed  by  FTIR  spectroscopy. 
This  method  was  plagued  with  difficulties  and  tended  to  yield  irreproducible 
results.  Going  to  a  thin  cathode  design  (Figure  1)  improved  the  results  but 
it  was  obvious  that  better  control  over  the  sampling  procedure  was  necessary 
to  prevent  contamination  with  moisture.  We  settled  on  a  circulating  system 
where  we  coupled  directly  a  spectroscopic  cell  to  an  electrochemical  cell 
using  either  a  manual  or  automatic  pumping  method  for  circulating  the 
electrolyte  between  the  two  cells.  The  electrochemical  cell  design  is  shown 
in  Figure  2H .  A  schematic  representation  of  the  system  incorporating  a 
syringe  pump  is  shown  in  Figure  25.  Photographs  of  the  actual  systems  used 
are  also  included  (Figures  26  and  27);  the  first  system  utilizes  a  syringe 
pump  and  the  second  system,  a  peristaltic  pump.  The  spectroscopic  cell 
incorporates  silver  chloride  windows  with  a  0.1  mm  optical  path  length  though 
on  occasion  we  have  used  a  0.05  mm  path  length.  The  very  first  run  however, 
was  performed  with  zinc  selenide  windows  which  lasted  only  seven  hours  on 
exposure  to  the  electrolyte. 

Eight  experiments  were  performed;  these  are  summarized  in  Table  I. 
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F  igure  24  Electrochemical  Cell  for  Flowing  Electrolyte  System 
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VALVE  TO  TRANSFER  ELECTROLYTE 
BACK  TO  ELECTROCHEMICAL  CELL 


SEPTURN  FOR  SYRINGE  PUMPING 


VALVE  TO  WITHDRAW  ELECTROLYTE 


Figure  25  Schematic  of  a  Closed  Loop  Sampling  System 
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Photoqraoh  of  Flowinq  Electrolyte  System  with  Peristaltic  Pump 


Electrolyte 

Cell  Anode  Cathode*  Current  and  T  1  .MM  LiAlCl|,  IR  Cell  Pumping  System 


*  The  cathode  on  nickel  exmet  is  spot  welded  and  pressed  against  the  cell  housing  wall.  The  anode  is 
pressed  on  nickel  foil  which  is  spot  welded  on  a  stainless  stell  post  at  the  center.  In  cell  SC-7M  the 
positions  of  the  electrodes  are  reversed. 
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Cel1  SC-69 

This  cell  allows  periodic  circulation  of  the  electrolyte  through  a  zinc 
selenide  spectroscopic  cell  without  exposing  the  electrolyte  to  the 
environment.  The  cell  was  constructed  with  a  20  mil  thick  cathode  using  90$ 
Shawinigan  Black/ 10$PTFE  and  a  5  mil  thick  anode.  The  cell  was  discharged  at 
1(0  mA  (5  mA/cm2  at  the  anode  and  2  raA/cm^  at  the  cathode)  until  fully 
discharged.  After  6  hours  the  experiment  had  to  be  terminated  due  to  fogging 
of  the  zinc  selenide  windows  shortly  after  the  onset  of  reversal.  The  total 
electrolyte  volume  in  the  system  was  16  ml  (1.4  M  LiAlCl^  in  SOClg)  with 
approximately  15  ml  in  the  electrochemical  cell  and  1  ml  in  the  balance  of  the 
system  which  includes  the  tubing  leading  to  the  0.1mm  path  length 
spectroscopic  cell.  The  electrolyte  was  circulated  with  a  manually  operated 
syringe  pump  every  hour  until  fully  discharged.  A  three  way  valve  allowed 
withdrawal  of  electrolyte  from  the  electrochemical  cell  into  the  syringe  then 
reinjection  of  the  electrolyte  through  the  spectroscopic  cell  and  back  into 
the  electrochemical  cell.  Approximately  5  ml  of  electrolyte  were  pumped  twice 
before  every  measurement  of  the  IR  absorption  spectrum. 

The  absorption  spectra  are  shown  in  Figure  28.  Initially,  the  SOp  and 
SOCI2  absorption  bands  are  the  only  noticeable  features  in  the  IR  absorption 
spectrum,  and  throughout  the  discharge  SOp  increases  linearly.  Difference 
spectra  (Figure  29)  show  a  fairly  low  level  of  activity  in  the  region  from  600 
to  1100  cm-1  which  could  not  be  evaluated  quantitatively.  In  Figure  30  we 
have  plotted  the  SOg  concentration  as  a  function  of  time  into  discharge.  We 
also  show  on  the  same  figure  the  discharge  curve  with  a  well  defined  knee 
after  5  hours  (200  mAh).  The  SO2  concentration  increases  linearly  and 
corresponds  in  this  case  to  approximately  7  Faradays/mole  SOp  produced  by  the 
end  of  discharge. 


FIGURE  28 


SC-69  Anode  Limited  -  RT 
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FIGURE  29 


SC-69  Anode  Limited  -  RT 
Difference  Spectra 
Reversal  at  5.3  hrs 
i=  40  mA  (5mA/crn2) 
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Cell  SC-71 

The  system  is  similar  to  SC-69  except  that  silver  chloride  windows  were 
substituted  for  the  zinc  selenide  windows  in  the  spectroscopic  cell.  We  were 
able  to  extract  a  large  amount  of  information  from  this  cell  which  discharged 
in  approximately  5  hours  at  40  mA  before  being  driven  into  anode  limited 
reversal  for  a  period  of  90  hours.  The  current  was  then  switched  off  and  the 
IR  absorption  spectrum  was  followed  for  an  additional  50  hours. 

The  absorption  spectra  are  shown  in  Figures  31-34. 

During  discharge  the  SO2  concentration  increases  linearly  until  the  cell 
is  fully  discharged  then  levels  off  during  anode  limited  reversal  (see  Figure 
35).  The  results  correspond  to  6  Faradays  per  mole  of  SO2  produced  by  the  end 
of  discharge.  A  much  slower  increase  in  SOp  concentration  occurs  during 
reversal;  we  were  not  able  to  measure  this  change  after  30  hours  due  to  a 
steadily  growing  absorption  band  at  1115  cm“1  which  intereferes  with  the 
accurate  measurement  of  the  SO2  absorbance  at  1144  cm-^.  Except  for  the 
steady  increase  in  SO,,  concentration,  no  other  change  in  the  absorption 
spectrum  occurs  during  normal  discharge  (Figure  36).  After  the  onset  of  anode 
limited  reversal  several  significant  changes  can  be  noticed,  shown  in  Figures 
37-39.  The  band  at  1408  cm-1  (SO2CI2)  increases  steadily,  appears  to  level 
off  after  90  hours  in  reversal,  increases  suddenly  after  the  current  is 
switched  off  then  levels  off  to  a  steady  value  40  hours  later  (Figure  40). 

The  absorption  band  at  1115  cm-1  (S0C1+)  exhibits  an  interesting 
behavior.  After  the  onset  of  reversal  the  intensity  increases  then  reaches  a 
steady  state  value  after  40  hours.  When  the  current  is  turned  off  the 
intensity  of  the  absorption  decreases  to  zero  in  less  than  12  hours  (see 
F igure  41). 

The  1070  cra*1  infrared  absorption  is  poorly  resolved  even  after  spectral 
subtraction,  but  its  presence  is  quite  evident  after  the  current  is  turned 


Prepared  for  Naval  Surface  Weapons  Center 
Silver  Springs,  Maryland 
Contract  N60921-81-C-0363 


Materials  Laboratory 
Gould  Research  Center 
January  1 983 


off.  No  activity  occurs  before  reversal.  After  the  onset  of  reversal  an 
increase  in  the  absorption  at  1070  cm-^  apparent.  This  absorption  levels 
off  after  25  hours  and  remains  at  a  steady  value  after  the  current  is  turned 
off,  pointing  to  a  relatively  stable  product  (see  Figure  42). 

A  definite  increase  in  the  absorption  at  665  cm-1  is  noticeable  after  the 
onset  of  reversal.  This  increase  continues  even  after  the  current  has  been 
switched  off  but  appears  to  approach  a  steady  value  (see  Figure  43).  Again 
the  specie  responsible  for  this  absorption  is  obviously  stable  in  the  cell 
environment;  its  assignment  as  Cl2o  or  S20  is  in  doubt,  however,  in  view  of 
the  fact  that  previous  workers  overlooked  the  interaction  of  water  with  the 
electrolyte  giving  rise  to  a  strong  absorption  at  694  cm-1. 

The  complete  discharge  curve  is  shown  in  Figure  44.  An  important  point 
to  be  considered  is  the  fact  that  5.6  Amp-hour  of  charge  passed  through  the 
cell  corresponding  to  approximately  0.2  Faraday.  However,  the  volume  of 
electrolyte  did  not  change  by  more  than  10?  during  the  experiment,  indicating 
recombination  of  species  to  form  SOCI2  which  is  then  available  for  further 
reduction  and  oxidation. 


FIGURE  31 


SC-71  Anode  Limited  -  RT 
i  =  40  mA  (5mA/an2) 


Reversal  at  5.7  hrs 
IR  Absorption  Spectra 


FIGURE  34 


SC-71  in  Storage  after  Reversal 
i  =  0 
RT 


52 


■■■  _ 

s 


HOURS 


Figure  35  Cell  SC-71 

SO2  as  a  Function  of  Discharge 
Anode  Limited  Cell,  i  =  40mA  (5mA/cm2) 


FIGURE  36 


SC-71  Anode  Limited  -  RT 
i  =  40  mA  (5mA/ cm2) 
Difference  Spectra  for  S02 
Reversal  at  5.7  hrs 
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FIGURE  37 

SC-71  Anode  Limited  -  RT 
Difference  Spectra  for  SO2CI2 
Reversal  at  5.7  hrs 
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FIGURE  38 

SC-71  Anode  Limited  -  RT 
i  =  40  mA  (5mA/an2) 

Difference  Spectra  during  Normal  Discharge  and  Reversal 
Reversal  at  5.7  hrs 
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Cell  SC-71 

SO2CI2  Formation  during  Reversal 
Anode  Limited  Cell,  i  =  40mA  (5mA/cm^) 
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Cell  SC-73 

Cell  SC-73  is  similar  to  SC-71  except  for  a  greater  thickness  of  lithium 
at  the  anode:  20  mils  instead  of  5  mils.  The  cell  discharged  for  22  hours 
before  anode  limited  reversal.  Its  behavior  parallels  that  of  Cell  SC-71 
except  that  a  higher  rate  of  S02  generation  was  observed;  this  may  be  an 

artifact  due  to  moisture  pickup  in  the  system.  Otherwise  the  trends  are  the 
same  (Figures  45-46).  The  S02  concentration  increases  linearly  during  normal 
discharge  then  at  a  much  reduced  rate  after  anode  limited  reversal  (see  Figure 

47) .  Sulfuryl  chloride  increases  only  after  the  onset  of  reversal  (3ee  Figure 

48) .  The  absorptions  at  1070  cnH  and  1115  cm-1  show  trends  similar  to  SC-71 

clearly  noticeable  in  Figure  49.  A  significant  difference,  however,  is 
evident  in  the  increased  absorption  at  694  cm-1  during  discharge  (water 
pickup).  At  the  end  of  discharge  the  694  absorption  band  decreases  in 

intensity  and  another  band  at  665  cm-^  increases  until  a  steady  value  is 

obtained  (see  Figure  50).  The  test  was  discontinued  after  94  hours  of 

discharge.  A  complete  discharge  curve  is  shown  in  Figure  51. 
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Figure  47  Cell  SC-73 

SO2  As  a  Function  of  Discharge  Anode  Limited 
Cell,  i  =  40mA(5mA/cm^) 
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Figure  48  Cell  SC-73 

SO2CI2  a*  a  Function  of  Discharge  Anode 
Limited  Cell,  i  =  40mA  (5mA/cm2) 
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Figure  50  Cell  SC-73 

Relative  Intensities  of  Bands  at  694cm~ 1  and  665cm— ^ 
Anode  Limited  Cell,  i  =  40mA  (5mA/cm^) 
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Figure  51 


Discharge  Curve  —  Call  SC-73 
i  =  40mA  (5mA/cm^) 
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Cell  SC-74 

In  this  cell  we  reversed  the  positions  of  the  anode  and  cathode  and 
increased  the  lithium  thickness  to  40  mils  to  ensure  a  cathode  limited 
condition.  The  cell  was  discharged  at  50  mA  for  about  6  hours  before  cathode 
limited  reversal  occurred.  The  cell  was  then  driven  for  an  additional  66 
hours  at  50  mA.  Spectra  obtained  during  normal  discharge  are  shown  in  Figure 
52,  those  during  reversal  in  Figure  53- 

The  main  difference  in  the  spectrum  from  that  of  anode  limited  cells  is 
the  absence  of  a  sulfuryl  chloride  peak  at  1 408  cm-1  and  of  a  peak  at  1115 
cm-1  (Figure  54).  During  normal  discharge  a  slight  increase  in  absorption  at 
694  cm-^  appears  to  occur,  indicating  moisture  pick  up;  this  increase  levels 
off  during  reversal  (see  Figure  55).  During  reversal  slight  increases  are 
observed  at  803  cm-1,  980  cm-1  and  1070  cm-1  (see  Figures  56a,  b  and  c). 
Formation  of  a  slight  absorption  at  1070  cm"1  indicates  that  SC12  is  formed  in 
small  quantities  during  cathode  limited  reversal.  The  discharge  curve  is 
shown  in  Figure  57. 
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FIGURE  52 
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FIGURE  54 

SC-74  Cathode  Limited  -  RT 
i  =  50  mA  (5mA/cm2) 

Difference  Spectra  for  Normal  Discharge  and  Reversal 
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Figure  57  Discharge  Curve  —  Ceil  SC-74 
i  =  50mA  (5mA/cm2) 

Cathode  Limited 
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Cell  SC-75 

IR  absorption  spectra  for  this  run  are  shown  in  Figure  58.  This 
particular  cell  is  similar  to  SC-71  except  that  no  lithium  was  added  to  the 
cell  and  the  path  length  for  the  IR  spectroscopic  cell  is  only  0.05mm  instead 
of  0.1mm.  The  cell  was  driven  at  50  mA.  We  wanted  to  verify  with  this 
experiment  the  reduced  rate  of  SO2  formation  observed  in  our  previous  cells 
after  the  onset  of  reversal.  This  was  confirmed  (see  Figures  59a  and  60). 
The  average  rate  of  formation  of  SO^  was  about  3  to  4  times  less  than  during 
normal  discharge.  In  addition  we  tracked  the  formation  of  S02C12  (Figures  59b 
and  60)  and  observed  a  very  sharp  increase  at  1115  cm-1  (Figure  61).  Very 
slight  increases  in  absorptions  at  665  cm-1  and  1070  cm-1  are  also  noticeable. 

The  electrolysis  curve  for  this  cell  is  shown  in  Figure  62. 
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Cell  SC-75 

(a)  SO2  Formation  upon  Electrolysis,  50mA 

(b)  SO2CI2  Formation  upon  Electrolysis,  50mA 
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FIGURE  60 

SC-75  Electrolysis  Cell  without  Lithiim 
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Cell  SC-77 

Evolution  of  the  IR  absorption  spectrum  during  normal  discharge  and  anode 
limited  reversal  is  shown  in  Figures  63  and  64.  In  this  particular  case  we 
used  a  peristaltic  pump  to  circulate  the  electrolyte  around  and  simplify  the 
sampling.  We  discharged  the  cell  at  6.9  mA  (1  mA/crn^  at  the  anode)  for  23 
hours  before  reversal  and  continued  at  the  same  rate  for  an  additional  25 
hours.  The  behavior  of  this  cell  is  reflected  in  the  difference  spectra  shown 
in  Figures  65  and  66. 

The  trends  are  the  same  as  with  the  higher  current  cells  except  for  the 
reduced  rate  of  S02  and  S0C1+  formation  (see  Figures  67a  and  67b).  It  is 
interesting  to  note  that  SO2CI2  barely  begins  to  form  at  this  current  after  24 
hours  into  reversal.  The  rate  of  S02  production  during  discharge  corresponds 
to  about  6.0  Faradays/mole  of  SC^.  The  discharge  curve  is  shown  in  Figure  68. 
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FIGURE  65 
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FIGURE  66 
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Cell  SC-79 

This  experiment  is  a  duplicate  of  SC-77,  but  we  were  able  to  run  it  over 
a  longer  period  of  time  (see  IR  spectra  in  Figures  69-71).  The  cell 
discharged  at  7.4  mA  for  about  20  hours  then  was  driven  into  reversal  for 
about  64  hours;  measurements  were  taken  for  an  additional  8  hours  after 
current  cutoff.  Difference  spectra  are  shown  for  the  reversal  condition  in 
Figure  72.  In  spite  of  the  prolonged  period  of  reversal  very  little  SO^Clp 
accumulates.  S0C1+  formed  during  reversal  decays  essentially  to  zero  within  8 
hours  after  turning  the  current  off.  A  significant  peak  at  665  cm-1  appears 
during  reversal;  this  peak  was  noticeable  in  the  preceding  experiment  but  had 
not  accumulated  to  any  extent  after  only  24  hours  of  reversal.  A  peak  at 
1070  cm'1  which  appears  as  a  shoulder  on  the  1115  cm-1  peak  during  reversal 
becomes  very  evident  after  the  current  is  turned  off  and  S0C1+  decays.  These 
results  are  summarized  in  Figures  73a-d.  The  results  for  sulfur  dioxide  are 
similar  to  those  for  SC-77  but  more  erratic,  indicating  a  possible  leak  in  the 
system.  Figure  74  shows  the  discharge  curve. 
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FIGURE  71 
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FIGURE  72 

SC- 7 9  Anode  Limited  -FT 
i  =  7.4  mA  (1  mA/cm^) 

Difference  Spectra  for  Reversal  arrf  Storage 
Reversal  at  23  hrs 
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Figure  73  Ceil  SC-79 
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Figure  74  Discharge  Curve  -  Cell  SC-79 

i  =  7.4m A(  1m A/cm2)  Anode  Limited 


97 


Prepared  for  Naval  Surface  Weapons  Center 
Sliver  Springs,  Maryland 
Contract  N60921 -8l -C-0363 


Materials  Laboratory 
Gould  Research  Center 
January  1983 


Cell  SC-81 

Cell  SC-81  was  discharged  at  -20°C.  Cell  construction  was  identical  to 
the  preceding  ones;  however,  the  cell  was  placed  in  a  controlled  temperature 
refrigerating  bath.  The  electrolyte  was  periodically  circulated  with  a 
peristaltic  pump  to  the  spectroscopic  cell  located  in  the  spectrometer 
chamber.  The  length  of  the  tubing  leading  to  the  spectroscopic  cell  and  the 
mass  of  the  latter  were  sufficient  to  bring  up  the  sample  temperature  to 
ambient.  Sampling  under  those  conditions  tended  to  reduce  significantly  cell 
polarization  (Figure  75).  The  first  17  hours  of  discharge  were  performed  at  1 
mA/cm  (8.14  mA).  The  current  was  then  brought  up  to  5  mA/cm  (40.70  mA)  and 
the  cell  went  into  reversal  two  hours  later.  We  continued  driving  the  cell 
into  reversal  for  an  additional  22  hours  at  5  mA/cm  .  The  current  was  then 
turned  off  and  the  temperature  brought  up  to  20°C  over  a  period  of  3  hours. 
Spectral  measurements  were  taken  for  another  67  hours.  This  sequence  of 
events  is  shown  along  with  the  discharge  curve  in  Figure  75.  Large  voltage 
fluctuations  are  observed  during  reversal;  the  voltage  jumps  to  more  positive 
values  every  time  we  circulate  the  electrolyte.  It  is  obvious  that  cell 
resistance  especially  during  reversal  is  very  high.  We  have  monitored  the  SOp 
concentration  during  normal  discharge  (Figure  76),  the  S0C1+  concentration 
during  the  first  six  hours  of  reversal  (Figure  77),  and  the  SOpClp 
concentration  during  the  reversal  and  warming  up  periods  (Figure  78).  IR 
absorption  spectra  as  well  as  difference  spectra  illustrating  the  behavior  of 
these  species  are  shown  in  Figures  79-84. 

The  IR  absorption  bands  at  1070cm-1  and  665  cm-1  exhibit  their  usual 
behavior,  and  some  moisture  contamination  is  apparent  especially  after  the 
onset  of  reversal  (broad  band  around  694  cm-1).  We  have  plotted  in  Figure  76 
the  SOp  concentration  as  a  function  of  mAh  withdrawn.  A  slight  curvature  is 
noticeable  at  the  beginning  of  the  discharge  indicating  that  SOp  generation  is 
not  linear  at  this  temperature,  at  least  in  the  early  stages  of  the 
discharge.  The  overall  stoichiometry,  however,  corresponds  to  7.6 
Faraday3/mole  of  SOp  generated  during  normal  discharge.  (Table  2) 
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One  obvious  effect  of  the  low  temperature  is  the  immediate  and  sharp 

increase  of  S0C1+  concentration  during  reversal,  the  increase  amounting  to 
about  0.65  mole  per  Faraday  (see  Figure  77).  At  higher  temperatures 

regenerative  processes  are  in  effect  so  that  only  small  amounts  of  S0C1+ 
accumulate  in  the  cell. 

SO2CI2,  however,  does  not  begin  to  accumulate  until  at  least  six  hours 
after  the  onset  of  reversal  (see  Figure  78)  and  then  increases  slowly. 

Turning  off  the  current  at  -20°C  does  not  seem  to  affect  the  SO2CI2 

concentration,  but  a  dramatic  jump  in  its  concentration  occurs  as  we  warm  up 
the  cell  to  20°C,  the  concentration  at  the  end  of  the  warm  up  period  being 
outside  the  range  of  our  calibration.  This  behavior  points  to  a  chemical 
reaction  between  S02  and  CI2  as  the  source  of  SO2CI2  in  the  cell. 

Due  to  the  very  high  intensity  of  the  S0C1+  absorption  we  were  not  able 
to  track  the  absorption  at  1070  cm-1 .  The  presence  of  this  peak  becomes 
obvious,  however,  as  the  S0C1+  decays  after  the  current  is  turned  off  and  the 
cell  warmed  up. 
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Figure  77  Cell  SC-81 
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Figure  78  Cell  SC-81 

SO2CI2  Formation  During  Reversal  and  Warm-up  Anode 
Limited  i  =  40.5mA(5mA/cm^)  T  =  -20°C 
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FIGURE  82 

SC-81  Anode  Limited  (-20) 

Difference  Spectra  for  SO2  during  Normal  Discharge 
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FIGURE  84 

SC-81  Difference  Spectra 
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Table  2 


S02  PRODUCTION  DURING  NORMAL  DISCHARGE 


SC-69  (5  mA/cm? ,  rt) 
SC-71  (5  mA/cm2,  RT) 
SC-77  (1  raA/cra2 1  RT) 
SC-81  (1  mA/cm2,  -20C) 


0.14  Mole/Faraday 
0.17  Mole/Faraday 
0.17  Mole/Faraday 
0.13  Mole/Faraday 


*  4 
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3.7  Conclusions 

The  infrared  absorption  spectrum  of  lithium-thionyl  chloride  cells  which 
initially  appeared  quite  complex  was  greatly  simplified  as  soon  as  the  effects 
of  contaminants  such  as  moisture  were  understood. 

By  measuring  the  spectrum  in  situ,  we  were  able  to  limit  the  interaction 
of  moisture  with  the  electrolyte  to  an  acceptable  level.  Quantitative  and 
reproducible  results  have  been  obtained  from  run  to  run  for  anode  limited 
cells,  and  definite  trends  have  been  demonstrated. 

During  normal  discharge  at  25C  SO2  is  the  only  discharge  product  detected 
by  IR  spectroscopy  (sulfur  and  LiCl  are  also  formed  but  were  not  measured  in 
this  study).  The  rate  of  SO2  formation  is  linear  and  appears  independent  of 
current  density  -  from  1  to  5  mA/cm^.  At  -20C  a  slightly  nonlinear  rate  of 
SC>2  production  is  noticed,  and  under  all  conditions,  the  amount  of  S02 
produced  was  less  than  what  would  be  predicted  by  the  equation 

4  Li  +  2  SO  Cl  =  4  LiCl  +  S02  +  S 

During  reversal  the  SO.,  concentration  continues  to  rise  but  at  a  slower 
rate.  Several  other  species  begin  to  appear:  S0C1+,  SO2CI2  and  species 
giving  rise  to  absorptions  at  1070  cm-1  and  665  cm-1;  these  last  two 
absorptions  are  indirectly  indicative  of  CI2  or  SCI2  formation  on  reversal; 
however,  the  evidence  for  CI2  is  also  indirect  whereas  SCI2  has  been 
positively  identified  by  mass  spectrometry.  S0C1+  eventually  reaches  a  steady 
state  concentration  which  is  dependent  on  both  temperature  and  current 
density.  SOgClj  is  also  dependent  on  both  temperature  and  current  density, 
and  its  concentration  tends  to  surge  upward  particularly  after  disconnecting 
the  cell  following  reversal.  Warming  up  a  cold  cell  from  -20C  to  +20C  results 
in  a  disturbingly  large  increase  of  SO2CI2  from  either  an  increased  rate  of 
reaction  between  S02  and  Cl2  at  the  higher  temperature,  or  the  sudden 
degradation  of  an  unstable  compound. 
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Formation  of  SCI2  during  reversal  gives  rise  to  compounds  absorbing  at 
1070  cm-1  and  665  cm-1  whose  exact  nature  is  not  known;  however,  complexes 
such  as  SCI  (AlCljj)  have  been  identified  in  the  reaction  of  SCl^  and  AlCl^ 
(19)  and  may  give  rise  to  an  absorption  around  665  cm-1.  The  1070  cm-1 
absorption  reflects  the  presence  of  S-0  bonds.  It  is  interesting  to  note  that 
upon  addition  of  SCI2  to  neutral  electrolyte  SO2CI2  and  SOp  are  also  formed. 
The  increase  in  SO2CI2  which  is  observed  after  disconnecting  the  cells  may 
simply  arise  from  this  source.  The  weak  absorption  at  1070  cm-1  observed 
durinv  cathode  limited  reversal  may  also  be  due  to  formation  of  small 
quantities  of  SCI2,  and  subsequent  reactions. 

It  is  quite  evident  that  during  anode  limited  reversal  a  highly  acidic 
environment  is  created  in  the  cell.  It  might  be  worthwhile  to  perform 
calorimetric  studies  of  reactions  in  AlCl^/SOC^  solutions.  Several 
improvements  in  the  experimental  approach  are  also  possible  to  better 
ascertain  the  behavior  of  the  lithium-thionyl  chloride  system.  Temperature 
and  pressure  measurements  would  yield  additional  correlations.  Use  of  shorter 
optical  path  lengths  for  our  IR  cells  would  enable  us  to  extend  our 
calibration  curves.  Extending  the  FTIR  spectrometer's  range  to  250  cm-1  would 
reveal  additional  bands  in  the  spectrum.  Electrochemical  studies  in  carefully 
prepared  mixtures  could  help  elucidate  the  mechanism  of  several 
electrochemical  reactions  involving  SOClj.  These  are  just  a  few  of  the  many 
additional  experiments  that  need  to  be  performed.  It  is  also  obvious  that  IR 
spectroscopy  alone  may  not  provide  all  the  answers,  and  that  an  attempt  should 
be  made  to  identify  insoluble  products  of  discharge. 
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4.  A  Mass  Spectrooetrlc  Study  of  Gases  Evolved  During 
Discharge  and  Reversal  of  Anode-Limited  Li/SOCl^  Cell 

In  this  section  we  discuss  the  time-dependent  results  obtained  from  a 
mass  spectrometric  study  of  an  in-situ  anode  limited  Li/SOC^  cell,  and  we 
report  the  mass  spectra  of  pure  components  and  their  measured  appearance 
potentials . 

4.1  Abstract 

Species  formed  during  discharge,  reversal  and  storage  of  a  Li/SOClp  cell 
were  identified  and  quantitatively  measured  as  a  function  of  time.  Mass 
spectrometric  data  indicate  the  existence  of  molecular  HC1,  SO^,  CS2,  S^O, 
SCl^,  S0C12  and  mass  134  species  (mainly  SO^Cl^).  Data  also  reveal  the 
presence  of  high  levels  of  chlorine  fragments  a3  well  as  low  concentrations  of 
CF2+  fragments.  Species  with  molecular  weights  exceeding  nominal  r.iass  140 
were  also  observed.  The  relative  concentrations  of  the  species  Ldexs ’ Tied  are 
plotted  versus  time  during  discharge  and  reversal.  These  plots  indicate  that 
the  concentrations  of  HC1,  Cl""  and  SC>2  remain  essentially  constant  in  the  gas 
phase  during  discharge,  but  increase  after  an  induction  period  of 
approximately  five  hours  during  cell  reversal.  The  plots  for  CS2  and  S2O  show 
little  variation  in  concentration  of  these  species  with  time  during  both 
discharge  and  reversal,  while  the  plots  for  SCI2  and  the  mass  134  species 
clearly  indicate  that  these  compounds  are  formed  only  after  a  similar 
induction  period  during  the  reversal  mode.  Mass  spectra  for  pure  SCI2,  SOCI2 
and  SOgClg  were  obtained.  The  appearance  potential  for  these  pure  species  as 
well  as  for  SO2  and  argon  were  also  measured. 
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4.2  Experimental 

A  Perkin  Elmer  (PE  270)  mass  spectrometer  with  a  home-built  all  glass  gas 
inlet  system  was  used  for  the  in-situ  experiment.  A  diagram  of  the 
experimental  sampling  system  is  shown  in  Figure  85A.  This  sampling  system 
consists  of  two  (V1  and  V^)  stainless  steel  shutoff  nonrotating  stem  valves 
(Circle  Seal).  The  sampling  volume  contained  between  and  is 
approximately  0.5  cm^.  The  glass  inlet  system  is  comprised  of  four  teflon 
stopcocks  (V^-Vg),  with  providing  access  to  a  roughing  pump  and  Vg  finally 
leading  to  the  mass  spectrometer  ion  source.  Vg  provides  access  to  a 
perfluorokerosene  (PFK)  reservoir  which  is  used  in  the  calibration  of  the  mass 
scale. 

The  exact  mass  experiments  were  performed  on  an  AEI  MS-30  double  focusing 
mass  spectrometer.  Accurate  mass  measurements  were  performed  with  an  Anatron 
peak  matching  unit.  These  measurements  were  carried  out  with  known  (20) 
perfluorkerosene  fragments  used  as  the  mass  reference.  The  intensity  versus 
time  data  were  obtained  with  80  ev  electron  energy  on  the  PE270  mass 
spectrometer  and  with  70  ev  electron  energy  on  the  MS-30  mass  spectrometer. 
The  detailed  description  of  the  cell  and  the  method  of  preparation  of  these 
chemicals  are  given  in  the  previous  sections  of  this  report. 


Figure  85 A.  Mass  Spectrometric  Sampling  System. 
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4.3  Results 

O 

The  discharge  rate  of  the  anode-limited  Li/SOCl2  cell  was  set  at  1  mA/cm 

p 

of  the  surface  area  of  the  anode.  A  current  level  of  6.25  mA/cm  was  used 
during  reversal.  The  total  surface  area  of  the  anode  was  8  cm^.  The  in-situ 
experiment  spanned  69.25  hours  (Figure  85B  shows  the  discharge  curve). 
Fifteen  sets  of  mass  spectra  were  recorded  from  time  zero  at  the  beginning  of 
the  discharge  through  time  69.25  hours.  Reversal  onset  occurred  at  time  t=21 
hours,  and  the  reversal  process  was  continued  through  t=66.  The  last  set  of 
spectra  was  recorded  at  time  t=69«25  hours.  Tabulated  intensities  for  nominal 
masses  appearing  between  and  including  masses  35  and  1 38  are  given  in  Table 
3.  All  intensity  data  are  relative  to  the  intensity  of  nominal  mass  83 
(SOCl35+)  which  is  set  arbitrarily  to  100.  Plots  of  intensity  versus  time  for 
each  of  these  masses  are  shown  in  a  sequence  of  figures  whose  numbers  will  be 
given  in  the  discussion  section.  Data  points  in  each  of  these  graphs  are 
connected  to  facilitate  following  the  general  intensity  change  with  time.  The 
uncertainty  in  the  data  shown  in  Table  3  and  the  corresponding  figures  is 
estimated  to  be  +  10$. 

Pure  samples  of  SC12,  SOCl^,  S02C12  were  introduced  into  the  mass 
spectrometer,  their  spectra  were  recorded  and  the  peak  intensities  were 
entered  in  Table  4.  Reproduction  of  these  spectra  are  also  shown  in  figures 
whose  numbers  will  be  given  in  the  discussion.  In  addition  a  sample  of  S2C12 
whose  purity  is  questionable  has  been  admitted  into  the  mass  spectrometer  and 
the  resulting  tentative  spectrum  is  shown.  All  of  these  spectra  were  recorded 
with  electron  energy  of  80  ev. 

The  appearance  potential  of  SC12,  S0C12,  S02C12,  S02 ,  Ar  and  of  slightly 
impure  S2C12  were  measured  on  the  PE270  mass  spectrometer.  The  data  obtained 
for  these  compounds  were  then  normal izeu  to  the  appearance  potential  measured 
for  argon.  The  appearance  potential  data  are  plotted  versus  electron  energy 
and  are  shown  in  subsequent  figures. 
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Three  masses  were  accurately  measured  in  the  exact  mass  experiments. 
These  are  masses  50,  76  and  80.  Problems  arising  from  the  corrosive  nature  of 
the  species  present  in  the  Li/SOC^  system  caused  frequent  ion  source  filament 
burnouts.  Further  accurate  mass  measurements  should  be  made  in  the  future  in 
order  to  positively  identify  other  important  species.  The  results  obtained 
from  these  measurements  were: 

Nominal  mass  50  exact  mass  =  49*99597  ±  30  ppm 
Nominal  mass  76  exact  mass  =  75.94528  +_  20  ppm 
Nominal  mass  80  exact  mass  =  79*94057  ±  20  ppm 
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Figure  85B  Discharge  Curve  Cell  SC-80  Anode  Limited  T  =  25°C 
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TABLE  4 


Mass  spectral  intensities  for  pure  SC12,  S0C12  and  S0.>C12 
•Indicates  the  most  intense  peak. 


Mass 

sci2 

soci2 

so2ci2 

Mass 

sci2 

soci2 

S02C12 

Mass 

sci2 

S0C12 

S02C1 

30 

0 

0 

0 

67 

100* 

3.44 

0.92 

104 

43-7 

0 

0 

31 

0 

0 

0 

68 

0.95 

0 

0 

105 

0.96 

0 

0 

32 

64.4 

100« 

36.5 

69 

36.4 

1.32 

6.27 

106 

8.60 

0 

0 

33 

0 

0 

0 

70 

9.72 

0 

1.27 

107 

0.91 

0 

0 

34 

1.34 

1.13 

0.93 

71 

2.71 

0 

0 

108 

0 

0 

0 

35 

12.1 

17.7 

6.67 

72 

5.56 

0 

1.17 

109 

0 

0 

0 

36 

75.3 

91 .4 

18.7 

73 

0 

0 

0 

110 

0 

0 

0 

37 

4.10 

6.55 

2.76 

74 

1 .03 

0 

0 

111 

0 

0 

0 

38 

26.2 

27.7 

9.41 

75 

0 

0 

0 

112 

0 

0 

0 

39 

1 .92 

0 

1 .46 

76 

2.54 

2.56 

2.16 

113 

0 

0 

0 

40 

4.45 

7.25 

3.58 

77 

0 

0 

0 

114 

0 

0 

0 

41 

4.5 

0 

0.93 

78 

0 

0 

0 

115 

0 

0 

0 

42 

1.86 

0 

1.46 

79 

1.05 

0 

0 

116 

0 

0 

0 

43 

1.95 

2.23 

2.50 

80 

0 

3-00 

0 

117 

0 

0 

0 

44 

1.73 

2.80 

3-63 

81 

3.63 

0.23 

0 

118 

0 

3.6 

0 

45 

0 

0 

0 

82 

1.30 

0 

0 

119 

0 

0 

0 

46 

0 

0 

0 

83 

3.5 

41 .5 

0 

120 

0 

2.5 

0 

47 

0 

0 

0 

84 

0 

0 

0 

121 

0 

0 

0 

48 

1 .74 

49.8 

53.5 

85 

1.79 

14.5 

0 

122 

0 

0.58 

0 

49 

0 

0.92 

0.93 

86 

0 

0 

0 

123 

0 

0 

0 

50 

0 

2.81 

4.09 

87 

0 

0.62 

0 

124 

0 

0 

0 

51 

2.85 

0 

0.93 

88 

0 

0 

0 

125 

0 

0 

0 

52 

2.21 

0 

0 

89 

0 

0 

0 

126 

0 

0 

0 

53 

0 

0 

0 

90 

0 

0 

0 

127 

0 

0 

0 

54 

0 

0 

0 

91 

0.96 

0 

0 

128 

0 

0 

0 

55 

6.69 

0 

0.90 

92 

0 

0 

0 

129 

0 

0 

0 

56 

2.15 

0 

0 

93 

1 .09 

0 

0 

130 

0 

0 

0 

57 

5.24 

0 

0.98 

94 

0 

0 

0 

131 

0 

0 

0 

58 

0 

0.75 

0.91 

95 

4.76 

0 

0 

132 

0 

0 

0 

59 

0 

0 

0 

96 

1.11 

0 

0 

133 

0 

0 

0 

60 

0 

0.63 

0.78 

97 

3-70 

0 

0 

134 

0 

0 

6.84 

61 

0 

0 

0 

98 

0 

0 

0 

135 

0 

0 

0 

62 

0 

0 

0 

99 

0 

0 

35.3 

136 

0 

0 

5.08 

63 

0 

0 

0 

100 

0 

0 

1.17 

137 

0 

0 

0 

64 

4.00 

31.1 

100» 

101 

0 

0 

12.9 

138 

0 

0 

1.17 

65 

0 

0 

2.28 

102 

67.8 

0 

0 

139 

0 

0 

0 

66 

0 

2.06 

7.54 

103 

0.83 

0 

1.17 

140 

0 

0 

0 

120 
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4.4  Discussion 

For  the  purpose  of  this  discussion  we  will  assume  that  the  ratio  of  peak 
intensities  in  a  mass  spectrum  is  equal  to  the  partial  pressure  ratio  of  the 
species  giving  rise  to  these  peaks.  We  realize  that  this  is  not  strictly 
correct  since  pressure  calibration  constants  are  needed  in  order  to  convert 
relative  intensities  into  accurate  partial  pressures.  All  times  reported  in 
this  discussion  will  be  given  the  symbol  t  and  units  of  hours. 

4.4.1  Cl+,  HC1 

Intensity  versus  time  profiles  for  masses  35  through  38  are  shown  in 
Figure  86-89  respectively,  and  numerical  data  for  these  masses  are  entered  in 
Table  3.  The  peak  intensities  of  mass  35  (Cl^+)  and  mass  37  (Cl^+)  are  seen 
to  be  essentially  constant  (within  +  10$)  at  times  up  to  t=26  beyond  which  a 
sudden  increase  in  their  intensities  is  observed.  With  reversal  occurring  at 
t=21 ,  there  exists  an  induction  period  of  approximately  5  hours.  After  this 
induction  period  an  escalating  level  of  chlorine  fragments  indicates  chemical 
reactions  leading  to  increased  levels  of  chlorine  production.  The  average 
concentration  of  Cl^+  between  t=o  and  t=26  is  calculated  to  be  17.7$  while 
that  between  t=42  and  t=66  is  calculated  to  be  62.1$.  These  values  are 
obtained  from  averaging  intensities  of  mass  35  between  the  specified  times 
listed  in  Table  3-  Thus  a  3.6  fold  increase  is  seen  in  the  concentration  of 
Cl35+  fragments  during  the  reversal  process  for  the  anode-limited  Li/SOC^ 
cell. 


Similar  observations  can  be  made  regarding  01^7+  isotope  fragments.  The 
ratio  just  calculated  for  mass  35  is  repeated  for  mass  37*  This  is  the  ratio 
of  the  average  concentration  of  Cl37+  from  t=42  through  t=66  and  the  average 
concentration  of  this  same  species  (Cl^+)  from  t=o  through  t=26,  and  is 
calculated  to  be  3.2.  Comparing  these  two  results,  it  is  seen  that  Cl35+  an(j 
Cl37+  concentrations  have  increased  between  3«2  and  3-6  fold  on  or  after 
t=42.  The  maximum  concentration  of  both  of  these  species  occurs  at 
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approximately  t=50.25.  The  ratio  of  the  average  intensity  of  Cl-^  to  Cl^  is 
calculated  from  our  data  to  be  35.69/11  *69  or  3-05  +_  0*3  while  the  isotope 
abundance  of  Cl^/ci^?  is  given  by  75*53/24.47  or  3*09.  Thus  our  result 
agrees  well  with  the  reported  values  of  chlorine  isotope  abundance. 

For  masses  36  and  38  (HC1^+  and  HC1^+,  respectively),  the  increase  in 
their  relative  intensities  is  seen  to  begin  about  the  same  time  as  does  the 
increase  in  chlorine  fragment  intensities,  namely  at  t=26.  Thus  the  induction 
period  for  HC1  is  approximately  5  hours  and  is  similar  to  the  induction  period 
of  chlorine  fragments.  Also  the  maximum  concentration  of  both  of  the  HC1+ 
species  occurs  at  approximately  t=50.25,  the  same  time  at  which  chlorine 
fragment  concentrations  are  seen  to  reach  their  maxima.  For  HC1^+  the  ratio 
of  the  average  concentration  on  and  beyond  t=26  to  that  below  t=26  is 
calculated  to  be  4.9  while  this  ratio  for  HC1^+  is  found  to  be  3.9-  Thus  an 
increase  of  HC1+  concentration  between  3.9  and  4.9  fold  is  seen  during  the 
voltage  reversal  stage  of  the  anode-limited  Li/SOCl^  battery. 

Considering  the  tabulated  data  (Table  3)  we  observe  a  noncharacteristic 
pulse  in  both  Cl+  and  HC1+  concentrations  at  time  t=l8.5  (see  Figure  86-89). 
This  pulse  can  arise  from  either  a  true  surge  of  these  species  in  the  system 
or  it  can  be  attributed  to  unresolved  experimental  variables.  Additional 
experimental  work  should  be  performed  to  resolve  this  point. 

It  is  interesting  to  note  that  the  HC1  concentration  is  generally  higher 
than  the  chlorine  concentration  in  this  system.  The  ratios  of  the  average  HC1 
concentration  to  the  average  chlorine  concentration  before  and  after  an 
induction  period  of  5  hours  are  3.2  and  5.1  for  Cl^+  and  HCl-^+  respectively 
and  3-8  and  5.2  for  Cl^+  and  HC1^+  respectively.  A  few  remarks  need  to  be 
made  about  these  numbers. 


First  the  existence  of  both  HC1^+  and  HC1^+  in  higher  concentrations 
than  Cl+  concentration  implies  the  existence  of  a  substantial  source  of 
hydrogen  in  the  Li/SOC^  system.  McDonald  (16)  observed  that  hydrogen  gas  is 
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one  of  the  sources  of  pressure  generated  during  normal  discharge  of  Li/SOCl^ 
batteries.  He  also  postulated  that  water-contaminated  electrolyte  can  give 
rise  to  the  source  of  hydrogen  in  these  batteries.  Additional  hydrogen 
sources  may  include  the  highly  porous  carbon  cathode.  Experiments  leading  to 
the  characterization  of  cathode  surfaces  should  be  performed  in  order  to 
reveal  the  role  of  these  surfaces  as  gas  adsorbers. 

Second,  although  McDonald  (IS)  was  unable  to  detect  either  Cl+  or  HC1+  in 
his  mass  spectrometric  discharge-only  study,  we  believe  that  this  was  due  to 
difficulties  in  detecting  these  species  with  indirect  sampling  procedures.  A 
number  of  investigators  (11,  12)  have  reported  the  presence  of  chlorine 
species  in  the  Li/SOCl.,  system.  Our  results  outlined  above  clearly  show  that 
HC1  is  formed  during  both  discharge  and  reversal  in  this  system. 

Third,  we  observe  that  the  ratio  of  the  HC1^+  concentration  to  the 
HC1^+  concentration  corresponds  within  experimental  errors  to  the  isotopic 
abundance  ratio  of  Cl^  to  Cl^  . 

Fourth,  the  increase  in  HC1  concentration  is  larger  (5. 1-5. 2  fold)  during 
reversal  than  the  concentration  rise  ( 3 -2—3 -8  fold)  for  Cl+  species.  This 
last  observation  indicates  that  during  reversal,  hydrogen-chlorine  reactions 
leading  to  the  formation  of  HC1  are  more  favorable  than  during  normal 
discharge  of  the  anode-limited  Li/SOC^  cell. 
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4.4.2  S02,  S0+ 

Data  for  the  relative  intensities  of  masses  64  and  48  are  contained  in 
Table  3  and  plots  depicting  this  data  are  shown  in  Figure  90  and  91 
respectively.  Unlike  Cl+  and  HC1+  the  intensities  of  masses  64  (S0+2)  and  48 
(S0+)  begin  to  increase  early  in  the  discharge  stage  and  continue  to  rise  at  a 
faster  rate  in  the  reversal  mode.  The  S0+2  intensity  achieves  the  highest 
level  of  any  species  during  reversal.  Our  data  indicate  that  the  maximum 
intensity  of  S02+  occurs  at  t  equal  to  50  which  is  approximately  the  time  at 
which  both  Cl+  and  HC1+  reach  their  maxima.  This  is  approximately  29  hours 
after  the  onset  of  the  voltage  reversal  in  the  anode-limited  Li/SOCl2  cell. 

Examination  of  the  tabulated  data  for  S02+  and  for  S0+  yields  interesting 
trends.  If  the  data  for  these  masses  are  plotted  on  the  same  figure  and  on 
the  same  intensity  scale,  Figure  92  results.  This  figure  clearly  shows  that 
the  S0+  intensity-time  profile  correlates  well  with  the  S02+  intensity-time 
profile.  The  most  interesting  feature  of  this  plot  is  that  the  S02+  rate  of 
increase  is  larger  than  the  corresponding  rate  for  the  SO'*'  fragment  intensity. 

To  illustrate  this  point  we  plot  the  difference  in  relative  intensities 
of  S02+  and  S0+.  Let  Ig02  denote  the  intensity  of  S02+  and  Igg  denote  the  S0+ 
intensity.  A  plot  of  (Is02-*S(P  versus  time  is  shown  in  Figure  93. 
Inspection  of  this  figure  shows  that  the  difference  in  concentration  between 
S02+  and  S0+  fragments  increases  rapidly  after  the  onset  of  reversal  reaches  a 
maximum  and  then  levels  off.  Another  representation  is  shown  in  Figure  94 
where  the  ratio  Is0^S02  Plotted  versus  time.  It  is  interesting  to  note 
that  this  ratio  for  pure  S02  is  approximately  0.5.  Thus  it  is  seen  from 
Figures  92-94  that  the  S0+  intensity  in  the  discharge  mode  is  higher  than  that 
accounted  for  by  S02  fragmentation  alone.  Upon  reversal  the  S0+/S02+  ratio 
decreases  and  approaches  its  limiting  value  predicted  by  S02  fragmentation 
alone. 
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It  is  clear  from  the  foregoing  analysis  that  during  discharge  S0+ 

intensity  results  from  at  least  two  major  contributions.  The  first  is  from 

fragmentations  of  the  SO,  present  in  the  system,  and  a  second  arises  from 

fragmentation  of  the  SOC^.  However,  as  the  cell  is  brought  into  reversal, 
the  SO^  concentration  increases  and  SO^  fragmentation  becomes  the  major  source 
of  S0+  production  in  the  ion  source.  It  is  also  worth  noting  that  the  average 
concentration  of  S02  on  or  after  t=26  in  the  reversal  mode  is  3.4  times  that 
before  t=26. 

In  surnnary,  our  data  suggest  that  mass  48  ions  are  produced  b" 

fragmentation  in  the  electron  impact  ionization  event.  There  is  no  strong 
evidence  to  postulate  that  either  SO  or  S0+  travels  from  the  battery  through 
the  sampling  system  and  into  the  ion  source.  McDonald's  data  (16)  regarding 
the  S02+ ,  S0+  pair  is  puzzling.  Although  his  study  spanned  only  the  discharge 
stage  of  anode-limited  Li/SOCl2  cells,  his  findings  are  contradicted  by  our 
data.  We  have  clearly  shown  that  S0+  fragments  arise  from  more  than  one 
source,  namely  S02  and  S0C12,  during  the  discharge  mode.  McDonald  suggests 
however  that  no  S0+  was  detected  in  his  mass  spectrometric  study.  Although  SO 
species  in  battery  electrolytes  cannot  be  detected  mass  spectrometrically ,  the 
role  of  SO  as  an  intermediate  is  discussed  by  a  number  of  investigators 
including  Schlaikjer  et  al.  (10),  Bowden  and  Dey  (21)  and  Salmon  and  Ramsav 
(22). 

The  foregoing  analysis  of  the  data  obtained  here  shows  that  S0+  is  a 
fragment  formed  in  the  ionization  of  S02  (g)  and  S0C12  (g)  during  discharge 
and  to  a  much  greater  extent  .from  S02  during  reversal  of  the  anode-limited 
Li/S0Cl2  cell. 
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Figure  90.  Mass  6h  ( SO 2)  vs.  Time  (Hrs.) 
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Figure  92.  Mass  U8  and  6b  (SO+and  S02)  vs.  Time  (Hrs.) 
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Figure  93.  Mass  64  (SOg)  -  Mass  48  (S0+)  vs.  Time  (Hrs.) 
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Figure  91*-  Mass  1*8  (SO+)/  Mass  6U  (SC^)  vs.  Time  (Hrs.) 
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4.4.3  CS2,  S20 

Mass  spectrometric  data  obtained  for  nominal  masses  76,  78,  80  and  82, 
and  accurate  mass  measurements  for  masses  76  and  80  indicate  the  presence  of 
carbon  disulfide  and  disulfur  monoxide  in  the  anode-limited  Li/SOCl,,  cell 
tested.  Numerical  intensity  versus  time  data  for  these  masses  are  listed  in 
Table  3.  Plots  for  mass  pairs  76,  78  and  80,  82  are  shown  in  Figure  95  and 
Figure  96  respectively.  From  these  graphs  it  can  be  seen  that  the 
concentrations  of  both  CS2  and  S^O  relative  to  the  S0C12  concentration  show 
little  variation  with  time.  Since  the  abundance  of  is  4.22$,  we  expect 
that  the  ratio  of  the  peak  intensity  of  mass  78  (CS2^+)  to  that  of  mass  76 
(CS232+)  to  be  close  to  8.88$.  (See  the  attached  appendix  for  the  method  of 
calculations.)  The  same  holds  true  for  the  ratio  of  peak  intensity  of  mass  82 
(S231*+0+)  to  that  of  mass  80  (S232o+).  The  average  intensity  of  mass  78  is 

calculated  from  the  data  in  Table  3  to  be  1.21$  and  that  for  mass  76  to  be 

14.29$  of  nominal  mass  83.  Thus  the  ratio  of  mass  78  intensity  expressed  in 
percent  of  that  of  mass  76  is  8.5  +_  0.8$.  In  addition  our  accurate  mass 
measurement  for  nominal  mass  76  yielded  the  mass  75-94528  +_  20  ppm.  With  the 
atomic  weights  of  C12  and  S^2  given  by  12.00000  and  31.97207  respectively,  the 
theoretical  exact  mass  for  CS^2  is  75.94414.  This  indicates  that  within  the 
experimental  errors  nominal  mass  76  detected  in  the  anode-limited  Li/S0Cl2 
battery  arises  from  CS232+. 

Analogous  treatments  are  carried  out  for  masses  80  and  82.  The  average 
intensity  of  mass  82  is  calculated  from  the  data  presented  in  Table  3  to  be 

1 .97$  and  the  average  intensity  of  mass  80  is  similarily  calculated  to  be 

21.99$.  Thus  the  ratio  of  mass  82  intensity  to  that  of  mass  80  equals  8.96  +_ 
0.9$.  Our  accurate  mass  measurement  for  nominal  mass  80  yielded  the  mass 
79.94057  +_  20  ppm.  With  the  atomic  weight  reported  for  O1^  of  15.99491,  the 
exact  mass  of  S-^O1^  is  79*93905.  These  results  indicate  that  within  the 
experimental  error3  the  nominal  mass  80  arises  from  S20. 

In  a  mass  spectrometric  study  (23)  carried  out  by  Meschi  and  Myers  the 
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authors  identified  both  S20  and  CS.,  as  products  of  a  discharge  tube  reaction 
between  elemental  sulfur  and  sulfur  dioxide.  Thermal  decomposition  of  thionyl 
chloride  was  shown  to  yield  S20  as  a  product.  It  is  worth  noting  that 
altnough  gaseous  sulfur  is  not  detected  in  our  present  mass  spectrometric 
study,  elemental  sulfur  was  reported  to  be  formed  in  the  condensed  phase  of 
the  Li/SOCl2  system  (10).  Since  our  data  clearly  show  that  S20  is  formed  in 
this  battery  system,  we  conclude  that  the  conditions  for  S20  formation  in  the 
Li/S0Cl2  battery  are  favorable. 

It  is  perhaps  worth  noting  that  the  intensity  ratio  CS232+/S2320+  from 
the  Meschi  and  Myers  data  is  0.73  whereas  our  data  yield  0.65  +_  0.07  for  this 
same  ratio.  It  is  also  interesting  to  note  that  both  nominal  masses  76  and  80 
(see  Table  4  and  Figure  121)  appear  in  the  spectrum  of  pure  thionyl 
chloride.  The  ratio  of  intensities  of  mass  76  to  that  of  mass  80  is  0.85  _+ 
0.09.  Although  accurate  mass  measurements  for  these  two  nominal  masses  were 
not  obtained  in  the  pure  S0C12  spectrum  the  data  suggest  that  some  S^O  and  CS2 
may  be  present  in  "pure"  samples  of  thionyl  chloride.  This  question  of  purity 
should  be  investigated  more  thoroughly. 
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4.4.4  S0C12,  S0C1+ 

The  intensity  data  for  the  in-situ  experiment  were  normalized  to  the 
intensity  of  mass  83  (S0C1^+).  The  data  for  S0C12+  and  S0C1^+  are  listed  in 
Table  3,  and  intensity  versus  time  plots  for  S0C12+  (118,  120,  122)  and 

S0C1^+  (85)  are  shown  in  Figures  97-100,  respectively.  Figure  101 

illustrates  the  parent  peaks  of  S0C12  at  masses  118,  120  and  122.  Now,  since 
S0C1^+  was  chosen  in  this  present  study  as  a  reference  peak,  and  since  it 
(SOCl35+)  ariSes  from  S0C12  (see  pure  thionyl  chloride  spectrum  in  Figure  121) 
constant  concentrations  of  both  S0C12+  and  S0C1^+  will  be  expected.  We 
realize  that  this  normalization  assumes  constant  S0C12  concentration 
throughout  the  in-situ  experiment.  However,  the  data  obtained  for  S0C12  and 
for  SOCl37+  have  been  used  to  calibrate  the  uncertainty  bounds  in  the 
intensity  data.  Since  no  information  is  available  from  this  study  on  the 
change  of  S0C12  concentration  with  time  further  experimental  modifications  are 
needed  in  order  to  normalize  subsequent  data  to  a  known  pressure  of  an  inert 
species . 

With  isotopic  abundances  for  Cl^  and  Cl^  of  75-53%  and  24.47* 
respectively  and  for  S^2  and  of  95.00*  and  4.22*  the  theoretical  S0C1-, 
intensities  for  masses  120  and  122  relative  to  mass  1 1 8  are  0.692  and  0.135 
respectively  (see  Appendix  for  method  of  calculation). 

The  experimental  results  derived  from  the  data  in  Table  3  yield  S0C12 
intensities  for  masses  120  and  122  relative  to  mass  1 1 8  of  0.731  +.  0.08  and 
0.135  +_  0.03*  These  results  are  consistent  with  their  theoretical 

counterparts  within  the  experimental  errors. 
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Figure  98.  Mass  120  (SOClg)  vs.  Time  (Hrs.) 


Figure  99.  Mass  122  (SOCl^)  vs.  Time  (Hrs.) 
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Figure  101.  Mass  118,  120  and  122  (SOCl^)  vs.  Time  (Hrs.) 
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4.4.5  SC12,  SC1+ 

The  data  for  the  mass  triplet  102,  104,  106  are  contained  in  Table  3  and 
the  intensity  versus  time  data  are  plotted  as  shown  in  Figures  102-105.  The 
most  interesting  feature  about  this  mass  triplet  is  observed  in  Figure  105. 
This  figure  clearly  shows  that  masses  102,  104  and  106  appear  only  during  the 
reversal  mode.  The  exact  time  at  which  these  masses  appear  in  the  spectrum 
cannot  be  determined  from  our  present  data.  However,  an  induction  period  in 
the  reversal  mode  of  approximately  5  hours  precedes  the  formation  and 
subsequent  appearance  of  these  masses.  This  induction  period  is  found  to 
coincide  vith  the  induction  periods  for  Cl+,  H"l+,  discussed  earlier  in 
section  4.4.’.  The  maximum  intensity  of  masses  102,  104  and  106  is  reached  at 
approximately  t=45,  which  is  about  5  hours  earlier  than  the  time  at  which  Cl+, 
HC1+ ,  S0+  and  S02+  reach  their  maxima  during  the  reversal  regime.  Beyond  t=45 
the  intensities  of  these  masses  gradually  decline  and  then  remain  at  a 
significant  level  at  the  conclusion  of  our  experiment  at  t=69.25. 

The  intensities  of  masses  104  and  106  relative  to  the  intensity  of  mass 
102  are  calculated  from  our  data  to  be  0.728  +_  0.08  and  0.152  +_  0.02, 
respectively.  Comparing  these  results  with  the  theoretical  isotopic 
abundances  for  the  intensities  of  mass  102,  104  and  106  for  pure  SC12  gives 
the  corresponding  values  of  0.69 2  and  0.135.  Thus  our  data  show  that  masses 
102,  104  and  106  arise  from  SC12  formed  during  the  reversal  mode,  beyond  t=26. 

Next  we  wish  to  investigate  the  species  giving  rise  to  masses  67  and 
69.  Intensity  measurements  for  these  masses  are  contained  in  Table  3  and 
plotted  in  Figure  106  and  107,  respectively.  As  seen  from  the  fragmentation 
pattern  of  SC12  (Table  4),  mass  67  (SCl35+)  the  most  intense  fragment  and 
the  intensity  of  mass  69  (SCl3?+)  is  0.364  of  that  of  mass  67.  Thus  both  67 
and  69  fragments  can  arise  from  SC12  fragmentation.  However  since  no  SC12  is 
detected  at  and  prior  to  t=26,  then  the  intensities  measured  for  masses  67  and 
69  at  and  prior  to  t=26  do  not  arise  from  SC12  fragments.  This  result  also 
implies  that  species  other  than  SC12  give  rise  to  masses  67  and  69  in  the 
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anode-limited  Li/SOCl,,  cell.  Although  S2CI2  (S2CI2,  mass  triplet  134,  1 36 , 
138,  will  be  discussed  in  Section  4.4.6)  can  give  rise  to  fragments  of  masses 
67  (SCl3?+),  99  (S2Cl35+)  and  1 0 1  (S2C1^+),  we  observe  no  intensities  of  any 
of  the  masses  134,  136,  138,  99  and  101  at  and  prior  to  t=26.  Thus  as  for  the 
case  of  SC12,  S2Cl2  does  not  give  rise  to  fragments  of  masses  67  and  69  at  and 
prior  to  t=26  for  the  anode-limited  Li/S0Cl2  battery  tested  in  the  present 
study.  It  is  important  to  note  that  chlorine  dioxide  (C102,  mass  67,  69)  can 
give  rise  to  these  masses.  Theoretical  isotopic  abundance  considerations 
yield  mass  69/mass  67  ratio  of  24.47/75.53  or  0.324.  Our  data  for  masses  67 
and  69  at  and  prior  to  t=26  show  that  the  average  mass  69/mass  67  intensity 
ratio  is  0.39  +_  0.04.  This  result  is  seen  to  neither  confirm  nor  rule  out 
CIO2  as  species  giving  rise  to  masses  67  and  69.  However  since  chlorine 
dioxide  is  known  to  be  an  explosive  species  (24),  and  since  a  study  (11)  by 
Salmon  et  al.  indicates  that  both  C120  and  C102  are  possible  products  in  the 
anode-limited  battery  we  suggest  a  careful  study  to  positively  identify  the 
species  giving  rise  to  the  appearance  of  masses  67  and  69  during  both 
discharge  and  reversal  of  this  system.  It  is  also  noteworthy  that  the  absence 
of  both  parent  (86,  88,  90)  peaks  and  fragments  (51,  53)  in  the  mass  spectrum 
strongly  suggests  that  C120  is  not  present  in  measurable  concentration  in  this 
system. 


T I ME (HRS) 


Figure  iOU.  Mass  106  (SCl^)  vs.  Time  (Hrs.) 
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Figure  105-  Mass  102,  10U  and  106  (SC12)  vs.  Time  (Hrs.) 
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Figure  106.  Mass  6j  vs.  Time  (Hrs.) 
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MASS=  69  (MASS  83=190) 


Figure  107.  Mass  69  vs.  Time  (Hrs.) 
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4.4.6  Mass  134  Species  (Mainly  S02C12) 

Intensity  measurements  for  masses  134,  1 36  and  138  are  presented  in  Table 
3  and  are  plotted  in  Figure  108,  109,  and  110,  respectively.  Figure  111  shows 
the  combined  data  for  these  three  masses  plotted  simultaneously.  Examination 
of  these  figures  reveals  that  these  masses  are  detected  during  reversal 
only.  The  time  at  which  this  triplet  appears  coincides  identically  with  that 
time  at  which  SCI,,  first  appears,  namely  t=42.33*  However,  unlike  SCI.,  the 
maximum  concentration  of  the  species  giving  rise  to  the  intensities  at  masses 
134,  136  and  138  occurs  at  t=42.33  while  the  maximum  for  SC12  was  seen  to 
occur  at  t=45.  It  is  also  seen  from  the  figures  cited  above  that  the  former 
maximum  (for  134,  136  and  138)  is  followed  by  a  slow  decline  to  a  stable  level 
at  times  exceeding  t=50. 

Identification  of  the  species  giving  rise  to  the  intensities  measured  at 
134,  136  and  138  will  be  considered  next.  The  intensity  ratios  136/134  and 
138/134  indicate  that  the  molecule  from  which  these  species  arise  contains  two 
chlorines.  Two  likely  compounds  of  molecular  weight  corresponding  to  triplet 
134,  136  and  138  and  each  having  two  chlorines  will  be  discussed.  These  are 
S0.,C12  and  S2C12.  A  number  of  investigations  conducted  on  the  Li/SOC^ 
battery  system  indicate  that  these  species  may  be  products  of  the  reactions 
taking  place  in  these  batteries.  Abraham  and  Mank  (12)  identified  S02C12 
among  other  species  in  an  anode-limited  Li/S0Cl2  cell,  while  Schlaikjer  et  al. 
(10)  suggested  that  S,,C12  may  be  formed  according  to  the  reaction: 

3S  +  2S0C12  -4  S02  +  2S2C12 

Since  both  S02C12  and  S2C12  are  expected  to  yield  the  fragments  99  (S02C1^+ 
or  S2C1^^+)  and  101  (S02C1^+  or  S2C1^+)  in  their  mass  spectra,  examination 
of  these  peaks  will  be  conducted  next.  The  data  for  masses  99  and  101  are 
plotted  in  Figures  112  and  113,  respectively  while  Figure  114  shows  the 
combined  data  for  these  two  masses.  The  mass  spectrum  for  a  pure  sample  of 
S02C12  is  shown  in  Figure  123  and  the  numerical  intensities  of  masses  134,  136 
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and  138  relative  to  mass  99  are  0.194,  0.144  and  0.033,  respectively.  Now, 
considering  the  data  obtained  from  the  in-situ  experiment  for  masses  99,  134, 
136  and  138  (Table  3),  we  find  that  the  average  intensities  of  the  latter 
three  masses  relative  to  the  intensity  of  mass  99  are  0.748  +_  0.07,  0.466  +_ 
0.05  aid  0.129  _+_  0.01,  respectively.  These  results  are  not  consistent  with 
the  results  obtained  for  pure  SOpCl,.  Although  no  mass  spectrum  is  available 
for  pure  S2C12 ,  a  theoretical  isotopic  abundance  calculation  is  possible  for 
S2Clp  (see  Appendix  for  method  of  calculation).  The  theoretical  intensity 
distribution  for  masses  134,  136  and  1 38  are  given  by  0.515,  0.379  and  0.085, 
respectively  for  S2C12  and  0.542,  0.375  and  0.073,  respectively  for  SC^C 12< 

We  now  wish  to  compare  our  data  for  masses  134,  136  and  138  with  the 
theoretical  distributions  for  S2C12  and  S02C12.  The  average  intensities  for 
these  masses  calculated  from  the  in-situ  data  are  0.928,  0.578  and  0.160  for 
134,  136  and  138,  respectively.  Taking  mass  134  as  a  reference  we  construct 
Table  5  in  which  the  theoretical  ratios  are  compared  to  the  experimental  mass 
ratios.  From  this  table  it  can  be  seen  that  the  in-situ  data  is  consistent 
with  the  mass  136/134  ratio  for  S02C12  and  with  the  mass  138/134  ratio  for 
S2C12.  Thus  no  clear  case  exists  for  either  S02C12  or  S2C12.  It  may  be 
pointed  out  that  a  mixture  of  these  two  species  might  lead  to  such  results. 
In  any  case  we  feel  that  accurate  mass  measurements  can  easily  resolve  this 
dilemma.  (Note:  the  infrared  evidence,  however,  points  strongly  to  formation 
oi  S02C12  as  the  major  component  of  that  peak.) 
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Table  5 

Calculated  Isotopic  Mass  Ratios  Compared 
to  Experimental  Mass  Ratios 


Calculated 

Mass  Ratios 

Experimental  Mass  Ratios 

Molecule 

136/134 

138/134 

136/134 

138/134 

so2ci2 

0.692 

0.135 

- 

- 

s2ci2 

0.737 

0.164 

- 

- 

Mass  134 

- 

- 

0.622+0.06 

0.174+. 02 

REL 


Figure  108.  Mass  13^  vs.  Time  (Hrs.) 
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Figure  110.  Mass  138  vs.  Time  (Hrs.) 
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Figure  111.  Mass  13^,  136  ar i  138  vs.  Time  (Hrs.) 
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Figure  112.  Mass  99  vs.  Time  (Hrs.) 
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Figure  Ilk.  Mass  99  and  101  vs.  Time  (Hrs) 
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4.4.7  CP  2* 

The  accurate  mass  of  nominal  mass  50  appearing  in  the  in-situ  experiment 
was  found  to  be  49.99597  +_  30  ppm.  It  is  interesting  to  note  that  the 
calculated  mass  for  CF2+  is  49-99680.  The  agreement  between  the  theoretical 
value  and  the  measured  value  provides  strong  evidence  that  CF^"*"  is  the  correct 
identity  of  this  mass  50  fragment. 

The  existence  of  fluorine-containing  fragments  is  a  point  worth  noting 
because  the  only  cell  component  which  contains  fluorine  is  the  Teflon  binder 
used  in  the  cathode  construction.  Thus  the  existence  of  CF2+  implies  that  the 
Teflon-impregnated  porous  carbon  electrode  is  undergoing  electrochemical 
attack  during  both  discharge  and  reversal  (See  Figure  125). 

We  suggest  that  further  work  needs  to  be  done  in  order  to  characterize 
the  cathode  according  to: 

1 .  The  effect  of  preparation  procedure  on  the  production  of  CF2+  and 
other  fluorinated  and/or  chlorinated  species  (e.g.,  HC1). 

2.  The  effect  of  preparation  procedure  on  the  surface  properties  of  the 
cathode,  both  before  and  after  discharge  and  reversal. 
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4.4.8  Higher  Molecular  Height  Species 

In  the  late  stages  of  reversal,  the  formation  of  ions  with  masses  146, 
1 48 ,  150,  160,  1 6 1 ,  163,  165,  192,  267  and  269  was  observed.  Further  work 
must  be  performed  in  order  to  identify  the  precursors  of  these  species. 

4.4.9  Mass  Spectra  and  Appearance  Potentials  for  the  Pure  Co^ounds 

The  mass  spectra  measured  at  80  ev  for  the  compounds  SOCI2,  SC12  anc* 
SO2CI2  are  presented  in  Figure  121,  122  and  123  respectively.  Numerical 
intensity  data  for  these  spectra  are  presented  in  Table  4.  A  tentative  mass 
spectrum  for  a  sample  of  S2CI2  whose  purity  is  questionable  is  presented  in 
Figure  124. 

The  appearance  potentials  for  the  compounds  S02,  S0C12,  SC12,  S02C12  and 
a  slightly  impure  sample  of  S2C12  are  presented  in  Figures  115,  116,  117,  1 1 8 
and  119,  respectively.  The  energy  scale  was  calibrated  using  argon  as  a 
standard  (see  Figure  120).  The  measured  appearance  potentials  for  S02,  S0C12 
and  S02d2  were  found  to  be  12.4  _+  0.3  ev,  10.8  +_  0.3  ev  and  11.9  +,  0.5  ev, 
respectively. 

The  data  for  S2C12  show  considerable  experimental  uncertainty.  An 
appearance  potential  for  S2C12  is  estimated  to  be  10.4  _+  0.6  ev.  The  data  for 
SC12  is  slightly  complicated  because  of  the  existence  of  two  linear  regions  in 
the  appearance  potential  data.  Since  the  other  species  containing  both  sulfur 
and  chlorine  have  appearance  potentials  in  the  range  of  10.8  to  11. 9  ev,  the 
value  of  10.9  +  0.4  ev  is  chosen  for  the  first  linear  region  of  the  SC12  data. 
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Figure  115.  Relative  Intensity  of  SO*  vs.  Ionizing  Electron  Energy 
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Figure  116.  Relative  Intensity  of  SOClg  vs.  Ionizing  Electron  Energy 


166 


ELECTRON  ENERGV  <EV> 


Relative  Intensity  of  S0oCl*  vs.  Ionizing  Electron  Energy 
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ELECTRON  ENERGY  (EV) 

Figure  119-  Relative  Intensity  of  S^Cl*  vs.  Ionizing  Electron  Energy 
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Figure  120.  Relative  Intensity  of  Ar+  vs.  Ionizing  Electron  Energy 
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Figure  124.  Mass  Spectrum  of  S2C12  at  80  eV  Ionizing  Electron  Energy 
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Figure  125.  Relative  Intensity  of  Mass  50  (CFg)  vs.  Time  (Hrs.) 
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4.5  Conclusions 

In  this  study  mass  spectrometric  techniques  have  been  used  to  investigate 
the  gases  present  in  and  evolved  from  an  anode-limited  lithium  thionyl 
chloride  cell  during  both  discharge  and  reversal.  The  species  HC1,  CS2,  S02, 
S^O,  SC12  and  S0C12  were  identified  as  the  components  present  in  the  vapor 
over  the  cell  electrolyte.  The  formation  of  hydrogen  chloride  indicates  that 
hydrogen  source (s)  must  exist  among  the  components  comprising  the  cell 
electrolytes,  electrodes  and/or  the  physical  structure  of  the  battery. 

An  induction  period  of  approximately  five  hours  after  the  onset  of 
reversal  is  observed  beyond  which  the  concentrations  of  chlorine  fragments, 
HC1  and  S02  increase  substantially.  The  formation  of  SC12  and  of  species  of 
mass  i:4  is  detected  only  after  a  similar  induction  period  after  the  onset  of 
reversal.  The  identity  of  the  species  appearing  at  mass  1 34  is  postulated  to 
be  either  S02C12  or  S2C12;  the  infrared  evidence,  however,  strongly  suggests 
that  it  is  mainly  S02C12. 

HC1  is  observed  to  achieve  the  highest  concentration  of  any  species 
during  discharge  while  S02  becomes  the  most  abundant  vapor  species  observed 
during  reversal.  The  concentration  of  CS2  and  S20  were  observed  to  remain 
essentially  constant  with  time  throughout  the  experiment. 

Fragments  identified  as  CF2+  were  observed  in  a  measurable  concentration 
in  t'  system.  The  origin  of  these  fragments  is  postulated  to  be  the  Teflon 
bind  used  in  the  construction  of  the  porous  carbon  cathode.  Other  higher 
molecular  weight  species  give  rise  to  a  number  of  observed  fragments  detected 
after  lengthy  reversal  times. 
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4.6  Recooaendation  for  Future  Investigations 

The  results  obtained  in  this  mass  spectrometric  investigation  clearly 
show  that  the  techniques  used  can  provide  valuable  insights  into  the  chemistry 
which  takes  place  not  only  during  normal  discharge  but  also  during  voltage- 
reversal.  These  results  were  obtained  using  the  simple  direct  sampling  system 
constructed  for  this  work  with  the  mass  spectrometers.  Improvements  of  this 
system  should  provide  more  accurate  and  reproducible  data  for  further 
studies.  These  improvements  include  the  use  of  an  accurate  pressure  measuring 
device,  modification  of  the  ion  sources  to  minimize  corrosion  problems,  the 
use  of  improved  hardware  to  ensure  highly  reproducible  sample  size  and  the  use 
of  a  simple  existing  data  acquisition  system  in  order  to  acquire  and  process 
the  large  volume  of  data  generated  in  these  experiments. 

The  experimental  evidence  obtained  in  this  work  clearly  suggests  that  a 
better  understanding  of  the  chemistry  involved  in  the  Li/SOCl^  battery  may  be 
reached  by  conducting  the  following  proposed  experiments. 

1 .  Accurate  mass  experiments  will  clearly  resolve  a  number  of  important 

questions.  These  include  the  positive  identification  of  the  following 

masses: 

(a)  Mass  6?:  Presence  or  absence  of  CIO^. 

(b)  Mass  69:  Presence  or  absence  of  CF^. 

(c)  Mass  134:  or  SO^Clj. 

(d)  The  positive  identification  of  higher  molecular  weight  species 
generated  in  the  latter  stages  of  battery  reversal. 

2.  Electrode  characterization  studies.  The  formation  of  species  such  as  HC1, 
CF+  and  other  chlorinated  and/or  fluorinated  compounds  arising  from 
impurities  in  this  battery  system  should  be  studied  as  a  function  of  the 
method  of  electrode  preparation.  These  studies  may  include  electrode 
surface  characterization.  We  propose  simple  Auger  electron  spectroscopy 
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(AES)  experiments  and  thermal  desorption  investigations  in  order  to  reveal 
the  amount  and  the  identity  of  species  adsorbed  on  the  electrode 
surfaces.  Such  investigations  have  the  potential  of  yielding  valuable 
insights  into  the  mechanism(s)  of  processes  taking  place  within  the  cell. 

3.  Measurements  of  the  total  cell  pressure  as  a  function  of  time  during 
discharge  and  reversal.  It  is  desirable  to  investigate  the  relationship 
between  the  observed  partial  pressure  fluctuations  and  possible  total 
pressure  variations. 
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5.  S*R  Spectroscopy  of  LithiuB  Thionyl  Chloride  Cell 

During  both  discharge  and  reversal,  free  radicals  are  probably 
generated.  For  example,  a  proposed  reduction  scheme  for  thionyl  chloride 
involves  S0C1  as  an  intermediate 

S0C12  +  e  =  S0C1  +  Cl" 

S0C1  +  e  =  SO  +  Cl" 

2  SO  — »  S02  +  S 

Species  such  as  S0C1  are  paramagnetic  and  EPR  spectroscopy  is  an  ideal 
technique  for  detecting  its  presence  if  it  accumulates  in  sufficient 
concentration.  The  above  reactions  may  be  rate  dependent  and  S0C1  may  react 
chemically  in  low  rate  cells  before  any  further  reduction  can  occur, 

S0C1  =  (k)  (Products) 

The  possible  deactivation  of  S0C1  by  a  chemical  process  as  a  rate  related 
phenomenon  may  explain  the  reported  effect  of  discharge  rates  on  the  safety  of 
discharged  cells. 

Samples  of  electrolyte  from  discharged  cells  and  from  cells  driven  into 
either  anode  or  cathode  limited  reversal  were  tested  for  free  radical 
formation  and  all  give  strong  EPR  signals  with  the  same  g  value.  Equally 
puzzling  wa3  the  fact  that  samples  of  fresh  acid  electrolyte  gave  similar 
signals  whereas  samples  of  fresh  neutral  electrolyte  (1.4  M  LiAlCl^)  gave  no 

signal  at  all.  To  resolve  the  question  several  in  situ  experiments  were 
performed . 
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5-1  In  Situ  EPR  Study 

The  cell  is  described  in  Figure  126.  It  was  assembled  in  a  3  mm  ID 
quartz  tube  filled  with  SOC^/I.^  M  LiAlClzj*  The  lithium  electrode, 
positioned  near  the  bottom  of  the  tube,  consisted  of  a  5  mil  lithium  strip 
pressed  on  nickel  exmet  about  2  cm  long  and  2  mm  wide.  The  cathode  was  made 
of  our  usual  20  mil  thick  carbon-Teflon  formulation  pressed  on  nickel  exmet. 
Insulated  nickel  wires  through  the  top  of  the  tube  were  spot  welded  to  the 
current  collectors.  The  tube  was  capped  then  placed  in  the  microwave  cavity 
of  an  E-4  EPR  spectrometer  (Varian).  Base  line  measurements  before  passing 
any  current  through  the  cell  showed  the  presence  of  a  strong  signal  traceable 
to  the  position  of  the  positive  electrode  in  the  microwave  cavity;  this  signal 
obviously  due  to  the  carbon  did  not  appear  to  be  affected  by  the  passing  of 
current.  The  baseline  signal  disappeared,  however,  when  the  carbon  electrode 
was  positioned  higher  up  ir.  the  tube,  just  outside  of  the  microwave  cavity. 

During  normal  discharge  (only  the  negative  electrode  was  in  the  cavity) 
no  signal  was  detected,  even  at  currents  as  high  as  2-3  mA.  However,  after 
the  onset  of  anode  limited  reversal  a  signal  with  poorly  defined  fine 
structure  centered  at  3^19  gaus  (g=1.99)  and  spread  over  20-30  gauss  appeared 
at  a  relatively  high  current  'nsity. 

At  0.5  mA/cm2  no  signai  vras  observed  after  30  minutes.  At  2.0  mA/cm^  a 
signal  was  noticeable  after  less  than  six  minutes.  The  signal  increased  with 
time  and  disappeared  slowly  when  the  current  was  turned  off. 

Due  to  instrumental  difficulties,  we  were  not  able  to  duplicate  these 
results.  In  spite  of  this,  we  have  analyzed  the  few  results  obtained  keeping 
in  mind  that  this  experiment  has  to  be  repeated  using  a  more  modern  instrument 
and  lower  temperatures. 

In  Figure  127  we  have  plotted  the  signal  peak  height  as  a  function  of 
time.  The  intensity  of  the  3ignal  appears  to  increase  linearly  during 
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reversal  then  decay  exponentially  after  the  current  is  cutoff.  We  have  used 
the  following  model  to  analyze  the  signal  decay: 

If  R.  is  the  free  radical  generated  then 

R .  JL*  r  with  =  k  (R.) 

at 

— v  t- 

leading  to  (R.)  =  (R.)q  e 
and  log  (R.)  =  log  (R.)q  -kt 


where  k  is  the  deactivation  constant  and  (R.)Q  is  the  initial  radical 
concentration. 

Plotting  the  log  of  the  intensity  as  a  function  of  time  yields  a  straight 
line  with  a  slope  of  -k  (-<ee  Figure  128) 
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Figure  126  Spectro-Electrochemical  Cell  for 
EPR  Measurements 
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6.  Thermal  Study  of  a  Littaium-Thionyl  Chloride  Cell 

Microcalorimetric  measurements  on  a  small  cell  during  anode  limited 
reversal  might  detect  unusual  reactions  that  could  lead  to  a  thermal  runaway 
or  other  safety  hazard  in  larger  cells. 

A  button  type  Li/SOCl2  cell  about  1  inch  in  diameter  (Figure  129)  was 
introduced  in  the  measuring  chamber  of  a  Tronac  (Model  351)  microcalorimeter 
and  allowed  to  reach  a  steady  state  prior  to  discharge.  A  heat  flow  of  380 u  W 

p 

was  measured  amounting  to  a  specific  heat  flow  of  75  P  W/cm  .  This  translates 
to  a  corrosion  current  of  20  PA/cm^  for  the  lithium  electrode. 

p 

The  cell  was  then  discharged  at  a  constant  current  of  5  mA  (1  mA/cnr). 
An  average  heat  evolution  of  3  mW  was  measured  during  the  discharge  with  a 
sharp  increase  at  the  end  of  the  discharge  to  5.1  mW.  This  higher  heat  flow 
remained  stable  throughout  the  reversal  period. 

The  voltage  was  also  stable  at  3*5  V  during  discharge  and  dropped 
abruptly  to  -0.7  V  then  slowly  to  -1.3  V  when  reversal  occurred. 

The  results  are  described  in  Figure  130.  Nothing  unusual  happened  during 
the  discharge  except  for  the  nearly  doubling  of  the  heat  evolved  at  the  end  of 
discharge.  This  increase  may  very  well  be  the  result  of  several  chemical 
processes  occurring  in  the  cell  following  oxidation  of  S0C12  at  the  anode 

2  S0C12  — »  2  S0C1*  +  2e  +  Cl2 
S0C1+  +  aici4"  — »  S0C1+  aici4" 

LiCl  +  S0C1*A1C14~  — ^  S0C12  ♦  LiAlCl4 

The  reaction  between  Cl2  and  SO2  to  form  S02C12  may  also  be  a  factor. 
Preliminary  calculations  show  that  the  amount  of  heat  evolved  in  the  formation 
of  SOgClg  nay  be  as  high  as  17  kcal/moie. 
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Figure  129  Schematic  Cross  Section  of  25mm  Diameter  Cell 
Used  for  Calorimetric  Study 
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Figure  130  Heat  Evolved  from  a  Li/SOCI2  Cell  Driven  into  Reversal 
i  *  5mA  (1mA/cm2) 
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APPENDIX 

The  Use  of  Isotope  Ratios  in  the  Mass  Spectrometric  Identification  of 
Molecular  Species 

The  abundance  of  the  isotopes  of  many  naturally  occurring  elements  can 
provide  characteristic  mass  spectral  patterns.  These  patterns  can  be  of  help 
in  determining  molecular  composition  in  certain  cases. 

In  general  consider  a  molecule  containing  n  atoms  of  the  element.  Let 
the  fractional  natural  abundance  of  the  isotopes  of  this  element  be  given  by 
a,  b,  c,  ...  where  a-t-b+c+ . .  .=1 .  The  multinomial  expansion  (a+b+c+...)n 
provides  a  method  for  expressing  the  probability  of  the  occurence  of  the 
different  isotope  combinations.  As  an  example  consider  the  element 

chlorine.  Hence: 

a  =  the  natural  fractional  abundance  of  Cl3^  =  0.755. 

b  =  the  natural  fractional  abundance  of  Cl37  =  0.245  and  assume  that  the 
molecule  contains  two  atoms  of  chlorine,  i.e.,  n=2.  Now  the  expansion  becomes 

(a+b)2  =  (0.755)2  +  2  (0.775)  (0.245)  +  (0.245)2  where 
(0.755)2  =  0.570  =  fractional  abundance  of  a  molecule  containing  Cl^Cl3^  and 
2(0.775)  (0.245)  =  0.370  =  fractional  abundance  of  a  molecule  containing 
C135C137  and  (0.245)2  =  0.060  =  fractional  abundance  of  a  molecule  containing 
C137C137. 

Note  that  the  sum  of  all  three  fractions  (0.570  +  0.370  +  0.060)  equals  1. 

We  can  expand  this  argument  to  a  molecule  containing  two  elements,  each 
of  which  possess  a  characteristic  isotope  distribution  as  follows: 

assume  that  element  M  occurs  m  times  in  the  molecule  and  has  two  isotopes 

a  and  b,  and  assume  that  element  N  occurs  n  times  in  the  molecule  and  has 

two  isotopes  c  and  d.  In  this  case  the  multinomial  expansion  becomes: 
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(a+b)m.  (c+d)n 

If  m  =  2  and  n  =  2  one  writes: 

(a+b)2(c+d)2  =  (a2  +  2ab+b2)  (c2  +  2cd  +  d  ) 

=  a2c2  +  2a2cd  +  a2d2+  2  abc2  +  2abcd  +  2  abd2 
+  2b2c  +  2b2cd  +  b2d  . 

When  one  collects  all  terms  of  the  3ame  mass,  one  obtains  the  set  of 
fractional  abundances  predicted  for  (a+b)^(c+d)^.  If  the  experimental  results 
agree  with  the  calculated  set  one  has  supporting  evidence  for  the  postulated 
number  of  each  atom  in  the  molecular  ion. 
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March  6,  1984 


Thomas  Lin 

Defense  Logistic  Agency 

DTIC 

Stop  #3 

Cameron  Station 
Alexandria,  Virginia  22314 

REF:  Error  In  Document  Abstract(AD-A128  382# 


Dear  Mr.  Lin: 

I  am  enclosing  an  abstract  of  %  report  "Investigation  of  Llthium-Thionyl 
Chloride  Battery  Safety  Hazards'1  which  I  believe  more  closely  describes  the 
contents  of  the  report. 

This  work  was  performed  in  1982,  for  the  Naval  Surface  Weapons  Center, 
under  contract  No.  :  N60921-81-C-0363,  The  report  contains  useful  in¬ 
formation  which  is  not  at  all  evident  in  the  current  abstract. 

I  wish  to  thank  you  for  your  willingness  to  replace  the  current  abstract 
with  the  more  accurate  version. 


Very  truly  yours, 

fit  |J<VV  • 

Alan  I.  Attla 
Project  Manager 
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ABSTRACT 


In-si tu  Infrared  spectroscopy  and  Mass  spectrometry  were  used  to  identify  the 
reaction  products  in  Li /S0C1 2  batteries  during  low  rate  discharge  and  anode 
limited  reversal. 


0  The  sources  of  all  the  absorption  bands  in  the  IR  absorption  spectrum  of 
the  electrolyte  were  identified  and  quantitated. 

0  Processes  giving  rise  to  free  radical  formation  were  detected  by  in-situ 
EPR  spectroscopy. 

0  The  technique  of  direct-inlet  in-situ  mass  spectrometry  was  applied  for 
the  first  time  to  the  Li/SOClj?  system,  to  identify  without  any  ambiguity 
the  presence  of  HC1,  SO2,  C$2,  S2O,  SC12  and  SO9CI2  as  well  as  C1+  and 
CF£+  fragments  in  the  gas  phase  above  an  operating  cell. 

0  S2O  was  not  detected  in  the  liquid  phase. 

0  The  appearance  potentials  for  SCI2,  SOCI2,  SO2CI2  and  S2CI2  were  measured. 

0  Evidence  for  the  formation  of  Cl 30  was  refuted. 

0  Significant  effects  directly  attributable  to  temperature  and  current 
density  were  identified  and  quantified. 

0  No  clearly  hazardous  reactions  were  identified  other  than  those  inherent 
in  the  system. 


As  a  result  of  this  work,  a  much  clearer  understanding  of  the  chemistry  of  the 
LI/SOCI2  system  has  been  achieved.  Several  analytical  techniques  have  been 
developed  and  applied  for  the  first  time  to  the  Li/S0Cl2  system,  which  could 
potentially  lead  to  a  more  complete  explanation  of  the  chemistry  of  the 
system. 
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